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Abstract 14 

High-latitude soils contain up to 60% of the world’s carbon stocks, but are vulnerable to carbon 15 

loss as climate change alters temperature and precipitation, litter quality, and soil biota. Tundra 16 

soils are thought to be particularly sensitive to warming due to accelerated permafrost thaw, but 17 

quantifying the response of decomposition to changing soil moisture remains a challenge. 18 

Understanding the interaction between temperature, soil moisture and decomposition rates is 19 

therefore critical to predicting how the global carbon cycle will be influenced by climate change. 20 

We combined an elevational gradient with a moisture and temperature manipulation experiment 21 

to investigate differences in decomposition (mass loss) across a diverse range of soil moisture 22 

conditions along an elevational gradient from the boreal forest to alpine tundra. We used two 23 

standardised substrates of contrasting quality: green and rooibos tea, using the Tea Bag Index to 24 

isolate the effect of litter quality. We found that litter quality was the primary control on 25 

decomposition, highlighting the importance of litter inputs on rates of decomposition. Contrary to 26 
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expectations, we observed an increase in litter mass loss with elevation, corresponding with higher 27 

soil moisture at higher elevations. In the moisture manipulation experiment, we also found greater 28 

litter mass loss in watered treatments for recalcitrant litter, but greater decomposition in warmed 29 

treatments for labile litter. Across both experiments, the effect of soil moisture was greater than 30 

the effect of soil temperature on litter mass loss. Overall, our findings suggest that decomposition 31 

is highly sensitive to litter quality, and that the direct impact of warming on decomposition at high 32 

latitudes will be mediated by soil moisture availability, informing predictions of the fate of high-33 

latitude soil carbon under changing climatic conditions. 34 

 35 

Introduction 36 

Ecosystem functions such as decomposition are influenced by climate change across the planet 37 

and thus could alter the global carbon cycle (Bardgett et al., 2013; Chapin et al., 2009; Davidson 38 

& Janssens, 2006; Djukic et al., 2018). The influence of climate change on decomposition could 39 

be particularly dramatic at high latitudes (Wieder et al., 2019), which are warming at up to four 40 

times the rate of the world as a whole (Rantanen et al., 2022), and have already experienced a 41 

temperature increase of more than 2°C over the past 50 years (Meredith et al., 2019). Warming 42 

temperatures are predicted to cause a 30-70% decline in permafrost extent by the end of the 21st 43 

century, increasing active layer depth and altering patterns of soil moisture (Xue et al., 2016). 44 

Precipitation is also predicted to increase by up to 28% by the end of the 21st century, though with 45 

considerable uncertainty in projections (McCrystall et al., 2021; Meredith et al., 2019). Shifts in 46 

climatic and environmental conditions will also have wide and diverse consequences for tundra 47 

vegetation (Elmendorf et al., 2012; Myers-Smith et al., 2011), altering both the composition and 48 

traits of tundra plant communities, and could create large-scale feedbacks to the global climate 49 

system via carbon cycling and decomposition feedbacks (Mekonnen et al., 2021; Pearson et al., 50 

2013). Thus, understanding the drivers of decomposition at high latitudes is critical for the 51 
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improvement of models projecting carbon cycle responses to climate change (Wullschleger et al., 52 

2014). 53 

 54 

Decomposition is predominantly controlled by temperature, soil moisture, substrate quality and 55 

soil biota, all of which are predicted to be altered by climate change (Aerts, 2006; Joly et al., 2023). 56 

At global scales, temperature and moisture explain 50 to 70% of variation in decomposition 57 

(Davidson & Janssens, 2006; Keuskamp et al., 2013). Within the tundra biome, temperature is 58 

commonly considered to be the major control over decomposition (Aerts, 2006; Hobbie, 1996), 59 

with litter quality and decomposer community more influential at smaller spatial scales (Bradford 60 

et al., 2014; Christiansen et al., 2017). However, decomposition is not only limited by cold 61 

temperatures, but also by the xeric or saturated nature of soils (Davidson & Janssens, 2006; Hicks 62 

Pries et al., 2013; Sierra et al., 2015; Zona et al., 2023), which can be highly variable over space 63 

and time (Engstrom et al., 2005). Decomposition is thus highly likely to be altered by both shifts in 64 

temperature and moisture availability. 65 

 66 

Decomposition is a central component of annual carbon fluxes to the atmosphere (Bond-Lamberty 67 

& Thomson, 2010). High-latitude ecosystems are particularly important in the global carbon cycle, 68 

with Arctic and boreal regions storing 20 to 60% of global soil carbon stocks (Hugelius et al., 2013). 69 

Decomposition at high latitudes is particularly sensitive to rising temperatures due to strong 70 

temperature limitation and the crossing of critical thresholds such as the freezing point of water 71 

(Sierra et al., 2015). High latitudes are thus predicted to be highly susceptible to carbon losses 72 

over the coming century (Crowther et al., 2016; van Gestel et al., 2018; Wieder et al., 2019). 73 

Future changes to decomposition will therefore likely have large repercussions for the global 74 

carbon cycle, with the potential formation of a positive feedback to climate change (Aerts, 2006; 75 

Bardgett et al., 2013; Crowther et al., 2016; Davidson & Janssens, 2006; van Gestel et al., 2018; 76 

Wieder et al., 2019). 77 
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 78 

Soil moisture is known to be an important control on decomposition in the tundra (Moyano et al., 79 

2012; Sierra et al., 2015). For example, passive warming experiments that reduce surface soil 80 

moisture have exhibited lower levels of litter decomposition (Björnsdóttir et al., 2021; Rinnan et 81 

al., 2008; Sjögersten & Wookey, 2004). Soil moisture will likely increase in some regions as 82 

precipitation increases at high latitudes (McCrystall et al., 2021), or warming enhances permafrost 83 

thaw (Sierra et al., 2015). However, increased drainage and evapotranspiration could cause 84 

drying of tundra soils (Hicks Pries et al., 2013). The influence of soil moisture on decomposition is 85 

currently not consistently quantified across biogeochemical models (Sierra et al., 2015), which 86 

variously assume linear, saturating or optimal relationships between temperature and soil 87 

moisture (Sierra et al., 2015). Moreover, incubation experiments are commonly conducted in 88 

laboratory settings (Moyano et al., 2012) and few studies employ field-based observations. As 89 

such, interactions between temperature and soil moisture on litter decomposition rates remain 90 

unclear, resulting in counterintuitive results such as increasing decomposition with altitude 91 

(Withington & Sanford, 2007). High levels of observed variability in decomposition rates over 92 

space and time also make large scale predictions difficult (Chapin III et al., 1988; Zhang et al., 93 

2008). Thus, there great uncertainty remains surrounding the interactive relationships between 94 

temperature and soil moisture as controls on decomposition. 95 

 96 

Litter quality is a major factor determining decomposition rates across high-latitude ecosystems 97 

(Cleveland et al., 2014; Cornwell et al., 2008; Fierer et al., 2005; Murphy et al., 1998), and can 98 

exert strong within-site controls over decomposition across the tundra biome (Aerts, 2006). Shrub 99 

increases in tundra ecosystems, due to improved recruitment and growing conditions, could lead 100 

to a shift from graminoid to shrub dominance (Elmendorf et al., 2012; García Criado et al., 2020; 101 

Myers-Smith et al., 2011). This vegetation change alters community-level plant functional traits 102 

(Bjorkman et al., 2018), which could influence the quantity and chemistry of litter inputs, thus 103 
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impacting rates of decomposition (Cornelissen et al., 2007; Myers-Smith et al., 2019). For 104 

example, an increase in shrub abundance could increase the proportion of recalcitrant stem and 105 

leaf litter inputs, promoting carbon storage in litter and potentially forming a negative feedback to 106 

the carbon cycle (Cornelissen et al., 2007). Furthermore, litter quality also influences the 107 

temperature sensitivity of decomposition, and thus the impact of warming, with recalcitrant litter 108 

more sensitive to changes in temperature and moisture than labile litters (Conant et al., 2008; 109 

Craine et al., 2010; Davidson & Janssens, 2006; Fierer et al., 2005; Suseela et al., 2013). 110 

Concurrent experimental research in Iceland has suggested that the influence of warming on 111 

decomposition may occur through longer term warming-induced changes in the composition of 112 

plant communities (Björnsdóttir et al., 2021). As such, there is substantial uncertainty regarding 113 

the magnitude that climate-induced litter change could have on litter decomposition, the 114 

timescales over which these changes could take place, and the subsequent impacts on carbon 115 

cycling and storage. 116 

 117 

The magnitude and direction of change in carbon stores at high latitudes remains unclear due to 118 

large variability in model predictions (Sierra et al., 2015) and the relative importance of different 119 

controls on decomposition (Aerts, 2006; Joly et al., 2023). To address these unknowns, we 120 

investigate how litter decomposition varies along a natural gradient in elevation, temperature and 121 

soil moisture. We combine this elevational gradient with an experimental manipulation of 122 

temperature and soil moisture. To ensure consistency across experiments, and allow comparison 123 

with other sites, we use the Tea Bag Index (Djukic et al., 2018; Keuskamp et al., 2013; Sarneel et 124 

al., 2020), which uses recalcitrant and labile common substrates of green and rooibos tea 125 

respectively. Specifically, we asked the following research questions: 1) How does decomposition 126 

(mass loss) relate to variation in temperature, soil moisture and the interaction between these 127 

controls?, and 2) What effect does litter quality have on mass loss? We hypothesised that litter 128 

mass loss will decrease with elevation and increase with soil temperature and soil moisture across 129 
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the natural elevational gradient, and across all experimental manipulation plots. We further 130 

hypothesised that litter quality, followed by soil temperature will have the greatest effect on mass 131 

loss. Findings provide important insights into the sensitivity of decomposition to temperature and 132 

soil moisture, allowing for improved prediction of the fate of soil carbon under changing climatic 133 

conditions. 134 

 135 

Methods 136 

1. Study region 137 

Field sites were located along a gradient from the boreal forest to alpine tundra in the Kluane Lake 138 

region, 220 km northwest of Whitehorse in the southwest of the Yukon Territory, Canada (61.28° 139 

N, 138.75° W). This subarctic region has a mean summer temperature of 8 – 16°C along the 140 

latitudinal gradient from 794 m to 1926 m and average winter temperatures reaching -21°C. 141 

Temperatures in this region have warmed by approximately 2°C over the past 50 years and are 142 

projected to increase by 2 – 2.5°C over the next 50 years (Streicker, 2016). Mean annual 143 

precipitation is approximately 330 mm and is thought to have increased by approximately 6% over 144 

the past 50 years, though with notable variability (Streicker, 2016). Projections also suggest that 145 

annual precipitation will increase by 10 – 20% over the next half century in this region (Streicker, 146 

2016). 147 

 148 

2. Litter substrate 149 

We used the Tea Bag Index protocol, which employs standardised litter substrates, to assess 150 

variation in decomposition (Djukic et al., 2018; Keuskamp et al., 2013; Sarneel et al., 2020). This 151 

method uses a labile and recalcitrant litter using green and rooibos teabags that are obtained from 152 

a common source (Lipton, Unilever). Tea types provide contrasting measures of litter quality, with 153 

green tea exhibiting a lower carbon: nitrogen ration and a higher proportion of labile compounds 154 

than rooibos tea. 155 
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 156 

We set up all tea (litter) bag field incubations using a standardised procedure. We measured the 157 

initial weight of each bag, subtracting the mesh weight to obtain the mass of the tea. We buried 158 

one bag of each tea pairwise for each replicate to ensure that both bags were subject to the same 159 

conditions. We buried tea at a depth of 8 cm to ensure that the tea was influenced by soil 160 

conditions. Once recovered after 52 days of incubation, we dried the tea at 70°C for 48 hours in an 161 

oven, and then weighed the teabags, carefully removing soil and debris from the outside of the 162 

bag, to calculate the final mass. 163 

 164 

We calculated mass loss as final mass divided by initial mass. We also calculated the stabilisation 165 

factor (S) and decomposition rate constant (k) of tea using a two-pool decomposition model, 166 

following methods set out in (Keuskamp et al., 2013). S represents the proportion of potentially 167 

decomposable material remaining once decomposition has stabilised, and is calculated using only 168 

green tea, which is assumed to stabilise within three months of burial (see Figure S1): 169 

 170 

𝑆 = 1 − (
𝑎!
𝐻!
)	172 

 171 

where ag is the decomposable fraction (mass loss) of green tea and Hg is the hydrolysable fraction 173 

of green tea. 174 

 175 

k represents the rate at which decomposable compounds are lost during decomposition, and is 176 

calculated using only rooibos tea, which is assumed not to have stabilised during the incubation 177 

period covered by this analysis. 178 

 179 

k = ln &
a!

M"(!) 	− a!
+ x	

1
t
	180 
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 181 

where M is equal to the mass of rooibos tea at time point t and ar is the decomposable fraction of 182 

rooibos tea. ar is calculated from the hydrolysable fraction of rooibos tea (Hr) and stabilisation 183 

factor (S), whereby 184 

 185 

𝑎% = 𝐻% 	(1 − 𝑆) 186 

 187 

This approach assumes that S consistent across tea types, and that loss of the recalcitrant pool 188 

is negligible during the study period. 189 

 190 

3. Experimental set-up 191 

Natural elevational gradient 192 

In order to test how decomposition varied over a natural gradient in soil temperature and moisture, 193 

we established an elevational transect from 794 m above sea level to 1926 m above sea level 194 

(Figure 1). Clear vegetation zones were present within the transect, with boreal forest up to 1250 195 

m, tall shrub tundra up to 1550 m, and alpine tundra above 1900 m. We established eleven sites 196 

along the transect, at every 125 m elevation from 794 m to 1926 m above sea level. At every site, 197 

we established a 60 x 30 cm ambient treatment plot and buried four tea bag replicates of each tea 198 

type pairwise directly into the ground (88 tea bags in total). We also established three additional 199 

treatments plots at every three sites (1: 794 m, 4: 1175 m, 7: 1551 m, 10: 1926 m) along the 200 

elevational transect to test the interaction between short term manipulation of temperature and 201 

moisture and long-term patterns across a natural gradient (see supplementary information). 202 
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 203 

Figure 1. Experimental set-up for (a) elevational gradient experiment and (b) temperature and 204 

moisture manipulation experiment. Elevational gradient: we established eleven sites along a 1200 205 

m elevational gradient, at every 125 m elevation from 800 m to 1925 m, with a final site at 2000 m 206 

above sea level. At every site, we established a 60 x 30cm ambient treatment plot and buried four 207 

tea bag replicates of each tea type pairwise directly into the ground. Manipulation experiment: we 208 

established 18 experimental beds in which we manipulated temperature and soil moisture over 209 
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the growing season. Treatment plots aimed to maximise the diversity of moisture and temperature 210 

conditions. We buried six tea bag replicates of each tea type pairwise per plot. 211 

 212 

Single-site manipulation experiment 213 

In order to test how decomposition varied across experimentally manipulated differences in soil 214 

temperature and moisture within a single site, we established a manipulation experiment in the 215 

subarctic boreal forest zone adjacent to Kluane Lake. The experiment site was located at 780 m 216 

a.s.l, approximately two kilometres from the lowest elevational gradient site, in an open area 217 

adjacent to white spruce (Picea glauca) forest. Vegetation within the site was largely uniform and 218 

consisted primarily of grasses, forb species with some willow shrubs, soils consisted of silty 219 

organic soils, and the topography was flat across the site. 220 

 221 

We established 18 experimental beds in which we manipulated temperature and soil moisture 222 

over the growing season. Treatment plots aimed to maximise the diversity of moisture and 223 

temperature conditions (Table 1). We buried six tea bag replicates of each tea type pairwise per 224 

plot (216 tea bags in total). Tea bag incubations were established in late June and recovered in 225 

mid-August (52-day incubation period), such that the data collected were representative of the 226 

growing season. The location of each treatment within the experimental area was determined at 227 

random to reduce potential bias that might arise from microclimatic variation within the site.  228 
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Table 1. Treatments within the soil moisture manipulation experiment. Treatments with drainage 229 

holes had 12 x 1 cm2 holes drilled into their base. Saturated treatments had no drainage holes to 230 

maximise water retention. Covered treatments had clear plastic covers to exclude precipitation 231 

and increase temperatures. Covers had six 5 cm by 15 cm holes drilled into the side to allow for 232 

air flow. Treatments subject to moisture manipulation were watered twice per week.  233 

Treatment Description Bed Drainage Watering Cover 

Ambient Tea buried directly in soil  No NA None No 

Disturbed  Tea buried within 60 cm x 30 cm soil core placed 
directly back into ground 

No NA None No 

Cover only Tea buried directly in soil. 60 cm x 30 cm clear 
plastic cover placed over plot 

No NA None Yes 

Bed only Tea buried within 60 cm x 30 cm soil core placed 
inside plastic bed. 

Yes Yes No No 

Bed and cover Tea buried within 60 cm x 30 cm soil core placed 
inside plastic bed. 60 cm x 30 cm clear plastic 
cover placed over plot. 

Yes Yes None Yes 

Light watering Tea buried within 60 cm x 30 cm soil core placed 
inside plastic bed. Plot watered twice per week. 

Yes Yes 1.14 L  No 

Light watering, 
cover 

Tea buried within 60 cm x 30 cm soil core placed 
inside plastic bed. Plot watered twice per week. 
60 cm x 30 cm clear plastic cover placed over 
plot. 

Yes Yes  1.14 L  Yes 

Saturated Tea buried within 60 cm x 30 cm soil core placed 
inside plastic bed. Plot watered twice per week. 

Yes No 2.27 L  No 

Saturated, cover Tea buried within 60 cm x 30 cm soil core placed 
inside plastic bed. Plot watered twice per week. 
60 cm x 30 cm clear plastic cover placed over 
plot. 

Yes No 2.27 L  Yes 

 234 

Environmental variables 235 

We recorded soil temperature and soil moisture for both experiments and observations along the 236 

elevational transect. Soil temperature was recorded every hour using digital iButtons (DS1921G 237 

Thermochron iButtons, Maxim, San Jose, CA, US). We used average temperature at the plot-level 238 

to examine relationships between mass loss and soil temperature. Volumetric water content 239 

(VWC) of soils was measured at the start, during, and at the end of experiments using a 240 
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HydroSense II soil moisture meter, with three readings taken per plot per time period (Campbell 241 

Scientific, Leicestershire, UK). We used plot means to examine relationships between mass loss 242 

and moisture. 243 

 244 

4. Statistical analysis 245 

All data analysis was performed using R statistical software, version 1.0.136 (R Core Team, 2017). 246 

All data and code are archived in the following GitHub repository: 247 

https://github.com/ShrubHub/TeaElevationHub 248 

 249 

Elevational gradient 250 

We fitted linear mixed models with fixed slopes and random intercepts (due to non-convergence 251 

in random slope models) to test how mass loss, soil temperature, soil moisture, k and S changed 252 

with elevation. To test how decomposition varied with temperature and moisture, we fitted fixed 253 

slope linear mixed models with temperature and moisture as fixed effects with an interaction with 254 

each tea type, and with site as a random effect. As we found no significant interactions between 255 

temperature and moisture, we did not include the interaction effect in subsequent model. We also 256 

tested the relative effects of temperature and moisture on decomposition by mean centring and 257 

variance scaling variables. 258 

 259 

Manipulation experiment 260 

We tested differences in treatment effects on soil moisture, soil temperature and mass loss using 261 

linear mixed effect models with treatment as a fixed effect and plot as a random effect. To test for 262 

the effect of disturbance when setting up the experiment, we compared mass loss of tea in ambient 263 

treatments to the mass loss of tea in the disturbed treatments using an unpaired t-test. To test 264 

how decomposition varied with temperature and moisture, we fitted fixed slope linear mixed 265 

models with temperature and moisture as fixed effects with an interaction with each tea type, and 266 
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with treatment as a random effect. As we found no significant interactions between temperature 267 

and moisture we did not include an interaction effect in the model. 268 

 269 

Litter quality 270 

We tested differences in mass loss between tea types using unpaired t-tests for the elevational 271 

gradient and the manipulation experiment, and for both experiments combined. We compared the 272 

effect size of tea type within linear models by mean centring and variance scaling environmental 273 

variables. 274 

 275 

Results 276 

Treatment effects 277 

Mean soil temperature varied from 4.1°C to 10.7°C across the natural elevational gradient 278 

experiment, and from 14.0°C to 16.8°C across the single-site manipulation experiment. Soil 279 

moisture varied from 5.6% to 45.9% across the natural elevational gradient experiment, and from 280 

1.8% to 52.6% across the single-site manipulation experiment. 281 

 282 

We found a significant increase in soil moisture with elevation (LMM, elevation estimate = 2.53e-283 

02 ± 6.70e-03, P < 0.01; Figure 2a), with lowest soil moisture in the boreal forest and highest soil 284 

moisture in the alpine tundra. In contrast, we found a non-significant decline in soil temperature 285 

with elevation (LMM, elevation estimate = -1.91e-03 ± 2.17e-03, P = 0.41; Figure 2b). Air 286 

temperature decreased by approximately 0.3°C per 100m altitude over the elevational gradient 287 

(Figure S2). There was a negative relationship between soil temperature and moisture across the 288 

elevational gradient (Figure S3). 289 
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 290 

Figure 2. Soil temperature decreased, but soil moisture and mass loss of green and rooibos tea 291 

increased with elevation across the elevational gradient. Relationships between a) elevation and 292 

soil temperature and b) elevation and soil moisture. Relationships between c) elevation and mass 293 

loss. Grey points indicate raw data (soil moisture – moisture probe measurements, soil 294 

temperature - daily mean temperatures), white points indicate site means. Lines indicate model fit 295 
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and shaded areas 95% confidence intervals. Point colours indicate the two different tea types 296 

(green = green tea, red = rooibos tea). All relationships are significant. 297 

 298 

Experimental watering treatments significantly increased soil moisture, while covered treatments 299 

significantly decreased soil moisture and increased soil temperature (Table S2, Figure S4). We 300 

found no significant difference between disturbed and undisturbed ambient treatments (paired t-301 

test, P = 0.34), so disregarded the effect of disturbance on mass loss from further analysis. 302 

Treatment type alone had no significant effect on mass loss across both tea types, though mass 303 

loss significantly increased in the ‘light water, covered’ treatment (Table S2, Figure S4). Soil 304 

moisture and soil temperature were negatively correlated across all treatments (Figure S3). 305 

Warming and increased moisture treatments had inconsistent influences on mass loss in an 306 

experiment across the elevational gradient (Figure S5). 307 

 308 

Mass loss - elevational gradient 309 

We found that mass loss increased with elevation over the elevational gradient experiment (green 310 

tea: LMM, elevation estimate = 1.32e-02 ± 3.01e-03, P < 0.01; rooibos tea: elevation estimate = 311 

6.40e-03 ± 2.19e-03, P < 0.01; Figure 2c). We found a marginally significant positive relationship 312 

between mass loss and soil moisture across the elevational gradient for both tea types (Table 2, 313 

Figure 3a), aligning with increases in both mass loss and soil moisture with elevation. In contrast, 314 

we found no relationship between mass loss and soil temperature for both tea types (Table 2, 315 

Figure 3b). Soil moisture had a 2.3 – 3.2 times greater effect on mass loss than soil temperature 316 

across the elevational gradient (Table S1). We found positive but non-significant relationships 317 

between moisture, temperature and decomposition rate (k) (higher moisture and temperature 318 

values associated with faster mass loss; Table S4, Figure 4a-b). We found negative but non-319 

significant relationships between moisture, temperature and stabilisation factor (S) (higher 320 
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moisture and temperature values associated with less mass remaining at stabilisation; Figure 4c-321 

d). 322 

 323 

Figure 3. Soil moisture relationships with mass loss were stronger than for soil temperature across 324 

the elevational gradient. Mass loss increased with soil moisture for rooibos tea and temperature 325 

for green tea in the manipulation experiment. Relationships between a) soil moisture and mass 326 

loss, and b) soil temperature and mass loss across the elevational gradient. Relationships 327 

between c) mass loss and soil moisture, d) mass loss and soil temperature for the manipulation 328 

experiment. Point colour indicates tea type (green = green tea, red = rooibos tea), and shading 329 

indicates elevation (light = low elevation, dark = high elevation). Lines indicate linear mixed model 330 
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fit and shaded area the 95% confidence intervals. Solid lines indicate significant relationships; 331 

dashed lines indicate non-significant relationships (p = 0.05). 332 

 333 

Table 2. Effect size and significance of environmental variables on mass loss based on linear 334 

mixed effects models for plots along the elevational gradient and all plots within the temperature 335 

and moisture manipulation experiment. Soil moisture and soil temperature effects are presented 336 

in original units; for relative effect sizes see Table S1. Significant models are highlighted in bold (. 337 

= P < 0.1, * = P < 0.05, ** = P <0.01, *** = P < 0.001). 338 

Dataset Tea type Environmental variable Effect size Significance (P) 

Elevational 
gradient 

Green 
Soil moisture 0.40 ± 0.18 0.07 (.) 

Soil temperature 0.70 ± 1.08 0.54 

Rooibos 
Soil moisture 0.23 ± 0.10 0.09 (.) 

Soil temperature 0.57 ± 0.59 0.82 

Manipulation 
experiment 

Green 
Soil moisture 0.01 ± 0.05 0.88 

Soil temperature 3.17 ± 1.56 0.01 (*) 

Rooibos 
Soil moisture 0.18 ± 0.04 < 0.001 (***) 

Soil temperature 1.68 ± 0.91 0.11 

 339 

 340 

Mass loss - manipulation experiment 341 

We found a significant positive relationship between soil temperature and mass loss for the more 342 

labile green tea, but not for the more recalcitrant rooibos tea (Table 2, Figure 3c). Conversely, we 343 

found a significant positive relationship between soil moisture and mass loss for rooibos tea, but 344 

not for green tea (Figure 3d). Overall, soil moisture had a stronger effect on mass loss than soil 345 

temperature (Table S1). In line with these results, we found a significant positive relationship 346 

between soil moisture and k (LMM, moisture estimate = 1.97e-04 ± 4.46e-05, P < 0.001; estimated 347 
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from rooibos tea, Figure 4e-f), and a negative but non-significant relationship between soil 348 

temperature and S (LMM, temperature estimate = -3.76e-02 ± 1.95e-02, P = 0.08; estimated from 349 

green tea; Table S4, Figure 4g-h). 350 

 351 

 352 

Figure 4. Decomposition rate (k) increased with soil moisture but not with soil temperature, while 353 

the stabilisation factor demonstrated non-significant decreases with both soil temperature and soil 354 
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moisture. Relationships between a) decomposition rate and soil moisture, b) decomposition rate 355 

and soil temperature, c) stabilisation factor and soil moisture, d) stabilisation factor and soil 356 

temperature for the elevational gradient experiment, and between e) decomposition rate and soil 357 

moisture, f) decomposition rate and soil temperature, g) stabilisation factor and soil moisture, h) 358 

stabilisation factor and soil temperature for the manipulation experiment. Lines indicate model fit 359 

and shaded area the 95% confidence intervals. Solid lines indicate significant relationships; 360 

dashed lines indicate non-significant relationships (p = 0.05). 361 

 362 

Mass loss of both tea types was significantly higher in the moisture manipulation experiment 363 

compared to the elevational gradient (green tea: 47.00 ± 8.31% vs 61.87 ± 6.12%, Welch two 364 

sample t-test: t = 10.84, P < 0.001. Rooibos tea: 23.34 ± 3.51% vs 20.75 ± 3.86% Welch two 365 

sample t-test: t = 3.86, P < 0.001). 366 

 367 

Litter quality 368 

We found that tea type best explained variation in mass loss across both experiments (Figure 5). 369 

Tea type consistently had the strongest effect on mass loss compared to environmental variables 370 

across all models (elevational gradient: green tea estimate = 26.10 ± 1.10, P < 0.001; manipulation 371 

experiment: 38.71 ± 0.56, P < 0.001). Mass loss was also greater for green tea than rooibos tea 372 

across all elevational gradient plots (Welch two sample t-test: t = 29.61, P < 0.001), with an 373 

average mass loss of 47.00 ± 8.31%, compared to 20.75 ± 3.86% for rooibos tea (Figure 5a), 374 

across all experimental manipulation plots (Welch two sample t-test: t = 56.77, P <0.001; green 375 

tea mean mass loss = 61.87 ± 6.12%, rooibos mean mass loss = 23.34 ± 3.51%; Figure 5b), and 376 

across both experiments combined (Welch two sample t-test: t = 41.79, P = <0.001, green tea 377 

mean mass loss = 57.64 ± 9.57%, rooibos mean mass loss = 22.62 ± 3.79 %; Figure 5c). 378 
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 379 

Figure 5. Green tea had greater mass loss than rooibos tea across the elevational gradient and 380 

in the moisture manipulation experiment. Distribution of mass loss for each tea type for a) the 381 

elevational gradient b) the manipulation experiment. Colours represent tea types (green = green 382 

tea, red = rooibos tea). Histograms are fitted with a smoothed density curve. 383 

 384 

Discussion 385 

Soil moisture, rather that temperature, best explained variation in decomposition 386 

In this study, we found that litter decomposition increased with elevation along an elevational 387 

gradient from the boreal forest to alpine tundra (Figure 2). Moisture had similar or greater effect 388 

on decomposition compared to soil temperature across the elevational gradient and experiments 389 

(Figures 3 and 4). This surprising finding is contrary to our expectation that mass loss would 390 

decrease with elevation due to lower temperatures, and contrasts with several previous studies 391 

(Speed et al., 2015; Sveinbjörnsson et al., 1995; Withington & Sanford, 2007). We suggest that 392 

this finding is driven by differences in soil moisture. Soil moisture exhibited a positive relationship 393 

with mass loss along the natural elevational gradient (Figure 4), led to greater mass loss of the 394 

more recalcitrant litter type in the single-site manipulation experiment (Figure S4), and a had a 395 

similar or greater effect on mass loss in combined temperature-moisture models. Results were 396 

inconsistent with experimental manipulations across the elevational gradient (Figure S5). Our 397 
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results highlight that soil moisture in addition to soil temperature is an important and potentially 398 

spatially variable control on litter decomposition rates. 399 

 400 

Our results, though surprising, are consistent with other studies of decomposition in tundra 401 

ecosystems. A similar experimental study found that both temperature and soil moisture controlled 402 

rates of decomposition in Swedish tundra, with decomposition rate decreasing and stabilisation 403 

increasing with increasing soil temperature in wetter locations (Sarneel et al., 2020). Although 404 

temperature is often considered more important than moisture as a control over decomposition 405 

rates (Hobbie, 1996; Sierra et al., 2015), low moisture levels have been shown to constrain 406 

enzyme activity (Hicks Pries et al., 2013; Murphy et al., 1998) and reduce the activity of soil 407 

detritivores (Thakur et al., 2018). Our results suggest that moisture levels did not surpass the 408 

threshold at which decomposition decreases due to anoxia, with soil volumetric water content not 409 

exceeding 50% in either the elevational gradient or moisture manipulation. Taken together our 410 

results suggest that below a certain level of soil moisture, the importance of moisture may 411 

outweigh that of temperature in high-latitude soils (Aerts, 2006; Hicks Pries et al., 2013; Sarneel 412 

et al., 2020). These findings highlight the importance of interactions between temperature and 413 

moisture (Davidson & Janssens, 2006), and suggest that decomposition may only increase with 414 

warming at high latitudes if there is sufficient soil moisture. 415 

 416 

We found that mass loss was better explained by elevation than by soil temperature or soil 417 

moisture (Figures 2 – 4). These finding highlights the importance of environmental gradients on 418 

decomposition rates and factors that covary with elevation, such as vegetation cover and microbial 419 

community (García-Palacios et al., 2013; Sjögersten & Wookey, 2004; Xue et al., 2016). Although 420 

microbial diversity in this study is unlikely to vary substantially across the 10 km study transect 421 

(Fierer et al., 2011), changes to microbial communities or soil properties with elevation and 422 

changing plant communities could account for some of the observed differences in decomposition 423 
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(García-Palacios et al., 2013). The high variability of soil moisture and soil temperature within our 424 

study emphasises the importance of microclimatic and topographic effects on decomposition 425 

(Bradford et al., 2014; Cahoon et al., 2012; Y. Chen et al., 2018). An observed increase in soil 426 

moisture with elevation may have resulted from input from snow melt at higher sites, evidenced 427 

by low soil moisture in treatments that prevented through-flow of water (see supplementary 428 

information, Figure S5). 429 

 430 

Litter quality was the strongest determinant of decomposition 431 

Despite differences in decomposition over the elevational gradient and between experimental 432 

treatments, litter quality was the primary determinant of decomposition across our study (Figure 433 

5). Our findings support a range of site-specific results indicating that the effect of litter quality on 434 

decomposition outweighs that of climatic variation in high-latitude ecosystems (Baptist et al., 2010; 435 

Blok et al., 2016; Cleveland et al., 2014; Cornelissen et al., 2007; Hobbie, 1996), and strongly 436 

suggest that litter quality is the most important driver of litter decomposition in the tundra biome 437 

(Fierer et al., 2005; Sundqvist et al., 2011; Thomas et al., in revision) and beyond to other global 438 

biomes (Djukic et al., 2018; Joly et al., 2023). 439 

 440 

A long-term shift in the composition of tundra plant communities and their functional traits could 441 

alter biotic and abiotic controls over decomposition and nutrient cycling (Bjorkman et al., 2018; 442 

Christiansen et al., 2018; Cornelissen et al., 2007; De Deyn et al., 2008; Hobbie, 1996; Myers-443 

Smith et al., 2019; Shaver et al., 2006). Across the tundra biome, plant communities are shifting 444 

from graminoid or forb to shrub dominance (Elmendorf et al., 2012; García Criado et al., 2020; 445 

Myers-Smith et al., 2011). For example, dendroecological evidence indicates an upslope 446 

advancement of willow species at this field site (Myers-Smith & Hik, 2017). Given that shrub litter 447 

decomposes three to eight times more slowly than graminoid litter, partly due to the higher 448 

volumes of recalcitrant wood (Cornelissen et al., 2007; Shaver et al., 2006), a shift from graminoid 449 
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to shrub dominance in tundra ecosystems could lead to greater storage of carbon and nitrogen in 450 

litter pools (Cornelissen et al., 2007; Mekonnen et al., 2021; Weintraub & Schimel, 2005) or to 451 

losses of carbon due to below-ground processes (Parker et al., 2021). Alternatively, increasing 452 

shrub abundance could be offset by changes in abundance of other functional groups (e.g., moss; 453 

Elmendorf et al., 2012), or shifts in traits within functional groups (Bjorkman et al., 2018). 454 

 455 

Vegetation change also alters local conditions, for example albedo (Bonfils et al., 2012; Sturm, 456 

2005; Williamson et al., 2016) and surface microclimate (Aguirre et al., 2021; Cahoon et al., 2012; 457 

Y. Chen et al., 2018; Kemppinen et al., 2021; Myers-Smith & Hik, 2013; Sturm et al., 2001). Due 458 

to these altered local conditions, decomposition could vary among different vegetation types 459 

(Aguirre et al., 2021; Christiansen et al., 2018; McLaren et al., 2017; Parker et al., 2021) or with 460 

vegetation change resulting from warming (Björnsdóttir et al., 2021). However, recent studies 461 

highlight the lack of evidence for microclimate variation in temperature as a control on 462 

decomposition in tundra (Gallois et al., 2022) and temperate forest ecosystems (Joly et al., 2023). 463 

Reducing uncertainty surrounding the magnitude and timing of feedbacks between vegetation 464 

change, decomposition and nutrient cycling remains a major challenge (Mekonnen et al., 2021). 465 

 466 

The litter substrates used in this experiment are not native to study sites, and were selected for 467 

their ease of use and consistency among sites and across global experiments (Djukic et al., 2018; 468 

Keuskamp et al., 2013). However, decomposition rates of the two litter types are comparable with 469 

local tundra species (Figure S6), with annual mass loss of rooibos tea corresponding closely to 470 

native evergreen shrubs (e.g., Rhododendron groenlandica), and green tea corresponding to 471 

native graminoid species (e.g., Festuca rubra). There is some evidence for a ‘home-field 472 

advantage’ for litter decomposition, whereby native litter decomposes faster than non-native litter 473 

due to adaptation of the soil microbial community (Perez et al., 2013). Although the litter substrates 474 

used here are non-native, local adaptation towards particular litter traits could still result in produce 475 
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a similar ‘home advantage’ effect. However, we did not find any evidence for this type of effect as 476 

we did not see an increase in mass loss within the shrub tundra zone, which corresponds most 477 

closely in litter traits to the two tea species. In contrast, there is also some evidence that non-478 

native litters are colonised faster by decomposers and show greater mass loss (Pioli et al., 2020), 479 

thus the ‘home advantage’ effect may not be important. 480 

 481 

We found that the two litter types responded differently to environmental drivers. Mass loss of 482 

recalcitrant litter (rooibos tea), but not labile litter (green tea), increased with soil moisture in 483 

experimental treatments. In contrast, mass loss of labile litter, but not recalcitrant litter, increased 484 

with temperature within experiments (Table 2, Figure 4), and demonstrated much greater 485 

differences in mass loss between the colder elevational gradient and the warmer moisture 486 

manipulation site located in the boreal forest. The point at which decomposition stabilised (S) was 487 

also more strongly related to temperature, while the decomposition rate (k) was more strongly 488 

related to soil moisture. These relationships are in line with findings that k and S were not strongly 489 

correlated over multiple sites (Keuskamp et al., 2013). The incubation position within the soil 490 

profile also influences the relationships between the stabilisation factor and the decomposition 491 

rate (Fanin et al., 2020). Thus, k and S are likely affected by different environmental variables 492 

and/or different decomposition processes. For example, the labile litter fraction could be controlled 493 

by the growth rate and metabolic rates of microbes (Moorhead et al., 2014), or water solubility 494 

(Day et al., 2018).  495 

 496 

Our findings underline that the sensitivity of litter decomposition to environmental change is 497 

dependent upon initial litter characteristics. All litters will not respond to change equally (Conant 498 

et al., 2008; Craine et al., 2010; Davidson & Janssens, 2006; Djukic et al., 2018; Fanin et al., 2020; 499 

Fierer et al., 2005; Joly et al., 2023; McLaren et al., 2017; Suseela et al., 2013). The influence of 500 

vegetation change on decomposition remains unquantified due to uncertainty in projections of 501 
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litter inputs and quality with warming (Björnsdóttir et al., 2021; Cornelissen et al., 2007) and 502 

uncertainty in the environmental conditions created by vegetation change (Christiansen et al., 503 

2018; Keuper et al., 2020; McLaren et al., 2017; Parker et al., 2021). Thus, the sensitivity of litter 504 

decomposition to climate change remains a key uncertainty in our understanding of future carbon 505 

cycling and storage (X. Chen & Chen, 2018; Mekonnen et al., 2021). 506 

 507 

The interpretation of our results are constrained by a number of caveats. We used homogenous 508 

plant litter following the Tea Bag Index protocol (Keuskamp et al., 2013), rather than local plant 509 

litters. In addition, we used above-ground plant litters in a soil decomposition experiment, which 510 

will influence the extrapolation of our results to local plant species and root litter decomposition 511 

(Aguirre et al., 2021). Our study was conducted during the growing season (June – August) and 512 

cannot represent year-round factors influencing decomposition, or long-term decomposition 513 

dynamics. Although the majority of decomposition occurs during the growing season (Bokhorst et 514 

al., 2011, 2013), such long-term perspectives will be critical to understanding carbon and nutrient 515 

cycling over longer timescales. Future decomposition research should focus on understanding 516 

both the abiotic and biotic controls on decomposition across variation in microclimate, litter inputs 517 

with vegetation change and over different timescales to shed further light on how decomposition 518 

will respond to climate change in rapidly warming tundra ecosystems (Gallois et al., 2022; 519 

Mekonnen et al., 2021). 520 

 521 

Conclusion 522 

Our results suggest that in a warming climate, levels of decomposition will only increase if there 523 

is sufficient soil moisture (Hicks Pries et al., 2013; Sierra et al., 2015), though further observational 524 

and experimental work is needed to test whether these findings are consistent over longer time 525 

scales and across sites. Our findings of differences in mass loss between substrates of contrasting 526 

quality reinforce the importance of litter quality as a controlling factor over rates of decomposition 527 
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(Björnsdóttir et al., 2021; Cleveland et al., 2014; Fanin et al., 2020; Fierer et al., 2005; García-528 

Palacios et al., 2013; Joly et al., 2023; Lynch et al., 2018; Murphy et al., 1998). Vegetation change 529 

in high-latitude regions could alter rates of decomposition through the modification of organic 530 

matter input, which could outweigh the impacts of climate warming and soil wetting or drying 531 

(Björnsdóttir et al., 2021; Cornelissen et al., 2007; Fanin et al., 2020; Hobbie, 1996; Joly et al., 532 

2023; Lynch et al., 2018; Mekonnen et al., 2021; Parker et al., 2018, 2021; Sundqvist et al., 2011). 533 

Our findings highlight the complexity and interactions among climate, environmental and biological 534 

controls on decomposition in high-latitude ecosystems across scales (Baptist et al., 2010; 535 

Björnsdóttir et al., 2021; Blok et al., 2016; Gallois et al., 2022; Hicks Pries et al., 2013; Sarneel et 536 

al., 2020; Sjögersten & Wookey, 2004; Thomas et al., in revision). Our findings, when combined 537 

with decomposition studies for sites across the tundra biome, will address uncertainties associated 538 

with predicting future carbon stocks and fluxes at high latitudes (Bardgett et al., 2013; Cahoon et 539 

al., 2012; Chapin et al., 2009; Crowther et al., 2016; Davidson & Janssens, 2006; McGuire et al., 540 

2009; Mekonnen et al., 2021; van Gestel et al., 2018; Xue et al., 2016; Zona et al., 2023). 541 
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Supplementary Information 883 

 884 

Supplementary Experiment: Multisite manipulation experiment 885 

In order to test the interaction between short-term manipulation of temperature and moisture and 886 

long-term patterns across a natural elevational gradient, we also established three additional 887 

treatments plots at every three sites (1: 794 m, 4: 1175 m, 7: 1551 m, 10: 1926 m) along the 888 

elevational transect. These experimental plots comprised a control plot (see main text) and three 889 

experimental treatments: 890 

1) The moisture treatment used a 60 x 30 cm plastic bed buried to approximately 20cm depth 891 

to retain precipitation, but restrict through-flow. Intact soil and vegetation cores were placed 892 

within each bed. 893 

2) The temperature treatment used a 60 x 30 cm clear plastic cover to create greenhouse 894 

heating and exclude precipitation. 895 

3) The combined treatment used both the bed and cover treatments (see also main text, 896 

Table 1). 897 

In every treatment plot, we buried four tea bag replicates of each tea type pairwise (96 tea bags 898 

in total). Treatments were passive and remained unmanipulated after set up, and did not appear 899 

to affect plant growth or lead to plant mortality. 900 

 901 

We tested differences among treatments using a random slope and intercept model with elevation 902 

and tea type as fixed effects and site and plot as nested random effects. To test how 903 

decomposition varied with temperature and moisture, we fitted a fixed slope model for each tea 904 

type using data from all plots, with site and day of measurement (temperature only) as random 905 

effects. 906 

 907 
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Experimental treatments plots along the elevational gradient had a significant effect on soil 908 

moisture (LMM, temperature treatment = 1.78 ±3.08, P = 0.58; moisture treatment = -2.67 ± 3.08, 909 

P < 0.41; combined treatments = -10.85 ± 3.08, P < 0.01) and on soil temperature (LMM, 910 

temperature treatment = 2.30 ± 0.55, P < 0.01; moisture treatment = 2.79 ± 0.55, P < 0.001, 911 

combined treatments = 3.93 ± 0.55, P < 0.001) across the elevational gradient. However, 912 

experimental treatments plots along the elevational gradient only had a significant effect on mass 913 

loss for green tea (Figure S6, Table S3). Mass loss was positively related to soil moisture within 914 

experimental treatments and across experimental sites, and positively related to temperature for 915 

green tea but not rooibos tea (Figure S6).  916 
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Supplementary Tables 917 

 918 

Table S1. Relative effect size and significance of environmental variables versus mass loss based 919 

on linear mixed effects models for the elevational gradient and manipulation experiment. Soil 920 

moisture and soil temperature were mean centred and variance scaled. Significant models are 921 

highlighted in bold (. = P < 0.1). 922 

 Tea type Environmental variable Relative effect size Significance (P) 

Elevational 
gradient 

Green 
Soil moisture 4.58 ± 2.03 0.07 (.) 

Soil temperature 1.43 ± 2.21 0.54 

Rooibos 
Soil moisture 2.69 ± 1.11 0.09 (.) 

Soil temperature 1.16 ± 1.21 0.82 

Manipulation 
experiment  

Green 
Soil moisture 0.12 ± 0.78 0.88 

Soil temperature 2.13 ± 0.78 0.01 (*) 

Rooibos 
Soil moisture 2.70 ± 0.61 < 0.001 (***) 

Soil temperature 1.13 ± 0.61 0.11 

  923 
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Table S2. Effect of moisture manipulation treatments versus soil moisture, soil temperature, and 924 

mass loss of tea. Effect sizes indicate difference from ambient plots. Significant treatments are 925 

highlighted in bold (. = P <0.1, * = P < 0.05, ** = P < 0.01, *** = P < 0.001). 926 

Treatment Soil  
Moisture 

Soil 
Temperature 

Mass Loss 
(all) 

Mass Loss 
(Green) 

Mass Loss 
(Rooibos) 

Disturbed -9.25 0.43 1.54 3.83 -0.75 

Cover only -28.15 (***) 1.66 (*) -1.63 -1.08 -2.17 

Bed only -27.88 (***) 1.24 1.33 2.92 -0.25 

Bed and cover -16.15 (*) 0.62 4.73 2.17 -1.00 

Light water -8.02 0.34 1.83 0.25 3.41 (*) 

Light water, covered -10.00 (*) 1.83 (*) 5.97 (.) 7.92 4.01 (*) 

Saturated 20.25 (***) 0.66 2.83 -0.33 6.00 (**) 

Saturated, covered 3.48 0.75 4.88 4.67 5.08 (**) 

  927 
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Table S3. Effect of elevational gradient treatments versus soil moisture, soil temperature, and 928 

mass loss of tea. Effect sizes indicate difference from ambient plots. Significant treatments are 929 

highlighted in bold (. = P <0.1, * = P < 0.05, ** = P < 0.01, *** = P < 0.001). 930 

Treatment Soil  
Moisture 

Soil 
Temperature 

Mass Loss 
(Green) 

Mass Loss 
(Rooibos) 

Temperature  1.78 2.30 (**) 0.18 0.81 
Moisture -2.67 2.79 (***) 2.50 1.88 
Combined -10.85 (***) 3.93 (***) -4.45 (*) -2.81 

931 
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Table S4. Relative effect size and significance of environmental variables on stabilisation factor 932 

and decomposition rate for the elevational gradient and moisture manipulation experiment. 933 

Significant relationships are highlighted in bold (. = P <0.1, * = P < 0.05, ** = P < 0.01, *** = P < 934 

0.001). 935 

Dataset Tea type Environmental 
variable Effect size Significance (P) 

Elevational 
gradient 

Stabilisation 
factor (S) 

Soil moisture -1.69e-03 ± 1.23e-03 0.19 

Soil temperature 3.60e-03 ± 6.45e-03 0.54 

Decomposition 
rate (k) 

Soil moisture 6.05e-05 ± 5.07e-05 0.26 

Soil temperature -8.62e-06 ± 2.80e-04 0.98 

Manipulation 
experiment 

Stabilisation 
factor (S) 

Soil moisture -9.17e-05 ± 8.74e-04 0.92 

Soil temperature 3.76e-02 ± 1.95e-02 0.08 (.) 

Decomposition 
rate (k) 

Soil moisture 1.97e-04 ± 4.46e-05 < 0.001 (***) 

Soil temperature 2.12e-04 ± 9.92e-04 0.83 

 936 
  937 
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Supplementary Figures 938 

 939 

 940 

Figure S1. Mass loss over time during the incubation period of this study (52 days). Tea types are 941 

indicated by colours (green = green tea, red = rooibos tea). Lines are fitted to a single pool 942 

exponential decay model (formula = log(loss) ~ time, estimate (green) = -1.52e-02 ± 1.67e-03, P 943 

< 0.001, estimate (rooibos) = 3.74e-03 ± 4.03e-04, P < 0.001). Mass loss over time was 944 

established by removing two ambient tea bag replicates from the moisture manipulation study site 945 

every one or two days, and following mass loss protocols outlined in the main text. Mass loss was 946 

averaged over both replicates. Following (Keuskamp et al., 2013), green tea was found to stabilise 947 

during the study period, while rooibos tea continued to decay. 948 
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 949 

Figure S2. Decrease in mean summer surface air temperature (25 June – 12 August) with 950 

elevation across the elevational gradient. Air temperatures were measured as part of other 951 

experiments at the site over the same time period (Lembrechts et al., 2020), so dates do not align 952 

exactly with the tea incubation period. Air temperatures were measured using iButtons (DS1921G 953 

Thermochron iButtons, Maxim, San Jose, CA, US) placed at the ground surface. iButtons were 954 

unshaded in 2016 and shaded in 2017 with radiation shields. Point fill indicates sensor type (black 955 

= unshaded, white = shaded). Lines indicate linear mixed model fit and shaded area the 95% 956 

confidence intervals (LMM, shaded estimate =-0.004 ± 0.001, P = 0.04; unshaded estimate = -957 

0.002 ± 0.002, P = 0.39).  958 
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 959 

Figure S3. Relationship between plot-level soil moisture and soil temperature for a) elevational 960 

gradient plots, and b) moisture manipulation experiment plots. Lines indicate linear model fit and 961 

95% confidence intervals (a: LMM; moisture estimate = -0.09 ± .0.04, P < 0.05; b: LM; moisture 962 

estimate = -0.09 ± 0.06, P = 0.15). The solid line indicates a significant relationship and the dashed 963 

line indicates a non-significant relationship.  964 
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 965 

Figure S4. Experimental treatments significantly altered soil temperature, soil moisture and mass 966 

loss for rooibos tea, but not green tea. Differences in a) soil moisture, b) soil temperature, and c) 967 

mass loss among moisture manipulation experiment treatments. Colours indicate experimental 968 

treatment categories and tea type (a) dark blue = heavy watering, light blue = light watering; b) 969 

red = covered; c) dark red = rooibos tea, green = green tea). Treatments are sorted in descending 970 

order of response variable for each panel. Significance of models is indicated by symbols (. = P < 971 

0.1, * = P < 0.05, ** = P < 0.01, *** = P < 0.001). Full model results are outlined in Table S1.  972 
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Figure S5. Combined treatments of warming and increased moisture lead to the greatest mass 974 

loss at the lowest, but not the highest elevations in an experiment across the elevational gradient. 975 

Differences in a) soil moisture, b) soil temperature and c) mass loss among elevational gradient 976 

treatments. Colours indicate experimental treatments and tea type (top two panels: A = ambient 977 

(white), T = temperature treatment (light red), M = moisture treatment (blue), C = combined 978 

temperature and moisture treatments (purple); bottom panel: dark red = rooibos tea, green = green 979 

tea). Effect sizes and significance of treatments are outlined in Table S1. The elevation of each 980 

plot (m a.s.l.) is indicated in the header of each box.  981 
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 982 

Figure S6. Annual mass loss of green and rooibos tea compared to annual mass loss of a range 983 

of representative tundra species. Tundra species were collected from two sites: the Kluane Range 984 

Mountains, Yukon, Canada (62° N) and Qikiqtaruk-Herschel Island, Yukon, Canada (70° N). All 985 

litter and tea were decomposed in a common litter bed at Kluane Lake following methods outlined 986 

in Cornelissen et al (2007). See (Thomas et al., in revision) for more information. 987 
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