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29 Abstract

30 Warming is expected to increase the net release of carbon from peatland soils, contributing to 

31 future warming. This positive feedback may be moderated by the response of peatland vegetation 

32 to rising atmospheric [CO2] or to increased soil nutrient availability. We asked whether a 

33 gradient of whole-ecosystem warming (from +0°C to +9°C) would increase plant-available 

34 nitrogen and phosphorus in an ombrotrophic bog in northern Minnesota, USA, and whether 

35 elevated [CO2] would modify the nutrient response. We tracked changes in plant-available 

36 nutrients across space and through time and in comparison with other nutrient pools, and 

37 assessed whether nutrient warming responses were captured by a point version of the land-

38 surface model, ELM-SPRUCE. We found that warming exponentially increased plant-available 

39 ammonium and phosphate, but that nutrient dynamics were unaffected by elevated [CO2]. The 

40 warming response increased by an order of magnitude between the first and fourth year of the 

41 experimental manipulation, perhaps because of dramatic mortality of Sphagnum mosses in the 

42 surface peat of the warmest treatments. However, neither the magnitude nor the temporal 

43 dynamics of the responses were captured by ELM-SPRUCE. Relative increases in plant-

44 available ammonium and phosphate with warming were similar, but the response varied across 

45 raised hummocks and depressed hollows and with peat depth. Plant-available nutrient dynamics 

46 were only loosely correlated with inorganic and organic porewater nutrients, likely representing 

47 different processes. Future predictions of peatland nutrient availability under climate change 

48 scenarios must account for dynamic changes in nutrient acquisition by plants and microbes, as 

49 well as microtopography and peat depth. 
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53

54 Highlights: 

55  We investigated the nutrient dynamics underpinning peatland responses to changing 

56 environmental conditions within the framework of a large-scale warming × CO2-

57 enrichment experiment in a nutrient-limited ombrotrophic bog at the southern end of the 

58 boreal peatland range. Whole-ecosystem warming exponentially increased plant-available 

59 ammonium and phosphate, but nutrient dynamics were unaffected by elevated [CO2]. 

60  The nutrient warming response increased by an order of magnitude between the first and 

61 fourth years of warming, perhaps because of dramatic mortality of Sphagnum mosses in 

62 the surface peat of the warmest treatments. However, this response was not captured by a 

63 land surface model parameterized to simulate ecosystem dynamics within the experiment. 

64  Relative increases in plant-available ammonium and phosphate with warming were 

65 similar, but the warming response varied across raised hummocks and depressed hollows 

66 and with peat depth. 
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67 Introduction

68 Peatlands store at least one-third of global soil organic carbon (C) in deep deposits of peat 

69 accumulated over millennia due to an imbalance between production and decomposition 

70 (Bridgham and others 2006; Gorham, 1991; Nichols and others 2019). Warming is expected to 

71 increase the net release of C from peatland soils, potentially leading to a positive feedback to 

72 future warming (Bridgham and others 2008), though these responses could be moderated by 

73 elevated [CO2] or increased peat nutrient availability (Hedwall and others 2017; Milla and others 

74 2006; van der Heijden and others 2000). Here we investigated the nutrient dynamics 

75 underpinning peatland responses to changing environmental conditions within the framework of 

76 a large-scale warming × CO2-enrichment experiment in a nutrient-limited ombrotrophic bog at 

77 the southern end of the boreal peatland range (i.e., the Spruce and Peatland Responses Under 

78 Changing Environments, or ‘SPRUCE’ experiment; Hanson and others 2017). 

79 Warming has been shown to increase nutrient mineralization rates across a range of upland 

80 ecosystems (Rustad and others 2001), and in ecosystems underlain by organic soil (Aerts and 

81 others 2006; Munir and others 2017; Salazar and others 2020; Weedon and others 2012). 

82 Increased nutrient availability has been found to increase (Bragazza and others 2006; Mack and 

83 others 2004) or inhibit (Keller and others 2006; Malhotra and others 2018; Olid and others 2014) 

84 peat decomposition rates due to complex interactions among microbial physiology, plant species 

85 composition and litter chemistry, and edaphic conditions. Increasing nutrient availability can also 

86 change the balance among the fractional cover and biomass of vascular overstory plants and 

87 Sphagnum mosses, as Sphagnum is less competitive at higher levels of nutrient availability 

88 (Berendse and others 2001; Vitt and others 1990). Microbial and vegetation responses to 
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89 increased nutrient availability could be moderated by potential declines in soil moisture and 

90 water table levels associated with warming (Weltzin and others 2003). 

91 Nitrogen (N) and phosphorus (P) have different rates of mineralization and immobilization, 

92 which are controlled by differing microbial communities, plant-rhizosphere interactions, and 

93 edaphic and environmental factors (Richardson and others 2009; Spohn and others 2013; 

94 Vitousek and others 1991; Walker and others 1976). Nitrogen and P cycling rates and have been 

95 shown to respond differently to warming in boreal peatlands (Munir and others 2017) and to 

96 freeze-thaw or heatwave events in uplands (Mooshammer and others 2017), with potential 

97 implications for shifting plant and microbial communities (Hill and others 2014; Iversen and 

98 others 2010; Koerselman and others 1996; Wang and others 2014).

99 Peatlands are also characterized by small-scale environmental gradients – from undulating 

100 surface microtopography, which encompasses raised hummocks and depressed hollows within 

101 the span of 1 m (Eppinga and others 2010) – to changes in peat and porewater characteristics, 

102 soil moisture and oxygenation, and microbial community abundance and composition with peat 

103 depth (Griffiths and others 2017; Griffiths & Sebestyen, 2016; Griffiths and others 2019; Tfaily 

104 and others 2018; Wang and others 2015; Wilson and others 2021a,b). Microtopographic 

105 positions have been shown to have different nutrient availabilities under ambient conditions 

106 (Eppinga and others 2010) and to respond differently to small-scale experimental warming 

107 (Munir and others 2017). However, how nutrient availability will change with depth throughout 

108 the peat profile in response to warming remains an open question, as prior investigations of 

109 nutrient response to warming in peatlands have focused on surface peat (Munir and others 2017; 

110 Weedon and others 2012). Nutrient availability in ecosystems underlain by organic soils is 

111 generally greater within deep peat layers located beyond the reach of plant roots that are often 
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112 constrained to surface aerobic horizons (Iversen and others 2018; Keuper and others 2012; 

113 Murphy and others 2010). Warming in peatlands could therefore lead to increased availability of 

114 nutrients in the shallow rooting zone, and in turn, warming-induced drying could also allow roots 

115 to access deeper nutrients.

116 Increases in global mean surface air temperature are projected to be as much as 3.3 to 5.7°C by 

117 2100, following the rise in atmospheric carbon dioxide concentrations ([CO2]) and other 

118 greenhouse gases due to anthropogenic activities (IPCC, 2021). Thus any impacts of warming on 

119 peatland nutrient cycling must be considered in the context of elevated [CO2], which might 

120 stimulate plant growth and rhizosphere C availability (Walker and others 2021), potentially 

121 leading to increased nutrient immobilization in vegetation and microbial communities (de Graaff 

122 and others 2006; Finzi and others 2007). However, evidence for changes in ecosystem C and 

123 nutrient cycling in response to elevated [CO2] is generally based on upland ecosystems (but see 

124 Berendse and others 2001; Fenner and others 2007; Milla and others 2006; Toet and others 2006; 

125 van der Heijden and others 2000).

126 Terrestrial biosphere models are a tool that can be used to encode hypotheses about ecosystem 

127 responses to changing environmental conditions but must be compared with and validated 

128 against observations of changes in ecosystem C and nutrient cycling in response to a range of 

129 possible futures (Medlyn and others 2015). ELM-SPRUCE, a point version of the land 

130 component of the Energy Exascale Earth System Model (E3SM), has been specifically designed 

131 to simulate ecosystem responses to warming and elevated [CO2] at SPRUCE. ELM-SPRUCE 

132 includes coupled C, N and P cycle dynamics (Burrows and others 2020; Yang and others 2019) 

133 as well as ombrotrophic bog hydrology, hummock and hollow microtopography, and Sphagnum 
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134 moss as a unique plant functional type (Griffiths and others 2017; Shi and others 2021; Shi and 

135 others 2015).

136 Here we asked whether a gradient of whole-ecosystem warming would increase plant-available 

137 nitrogen and phosphorus in an ombrotrophic bog in northern Minnesota, USA, and whether 

138 elevated [CO2] would modify the nutrient response. We further considered whether nutrient 

139 responses to warming varied across space and through time, focusing in particular on the rooting 

140 zone (and the surface zone where non-vascular mosses have access to nutrients). We used ion-

141 exchange resins to assess inorganic plant-available nutrients across hummock-hollow 

142 microtopography and throughout the peat profile at monthly and cumulative annual time steps 

143 (and henceforth refer to these fluxes as ‘resin-available nutrients’). Because bogs are unique 

144 ecosystems where vegetation has access to near-surface porewater as a potential source of 

145 nutrients, we also compared responses inferred from ion-exchange resins to the dynamics of 

146 inorganic and organic nutrients observed in porewater. We compared observed resin-available 

147 nutrient dynamics to ELM-SPRUCE model predictions of net nutrient mineralization in the 

148 SPRUCE experiment.

149 Materials and Methods

150 The SPRUCE experiment

151 The Spruce and Peatland Responses Under Changing Environments (SPRUCE) experiment is 

152 located in the ombrotrophic S1 Bog on the Marcell Experimental Forest in northern Minnesota, 

153 USA (47°30.476’ N; 93°27.162’ W; 418 m above mean sea level; Sebestyen and others 2011). 

154 SPRUCE is located at the southern end of the range of boreal peatlands and is therefore expected 

155 to be especially vulnerable to warming conditions. The S1 Bog, similar to other bog basins in the 

156 area and region, has accumulated from 2 m to 11 m of C-rich peat over the last 11,000 years 
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157 (McFarlane and others 2018; Parsekian and others 2012). The overstory is dominated by the 

158 trees Picea mariana (black spruce) and Larix laricina (larch), with an understory dominated by 

159 ericaceous shrubs (McPartland and others 2020). The bog surface is carpeted by Sphagnum 

160 mosses, with a minor presence of other mosses (for more information on mosses within the 

161 SPRUCE experiment, see Norby and others 2019). The effects of above- and belowground 

162 warming and elevated [CO2] on peatland processes are being assessed in 12.8-m wide by 7-m tall 

163 enclosures underlain by belowground corrals (see Figure 1 for enclosure layout and description 

164 of treatments and see Hanson and others (2017) and Sebestyen & Griffiths (2016, data citation) 

165 for more details). The SPRUCE experimental design is regression-based; two series of five 

166 enclosures are warmed at set point levels of either +0°C, +2.25°C, +4.5°C, +6.75°C, or +9°C 

167 above ambient conditions. Aboveground warming is accomplished by introducing warm air 

168 generated from propane-fired heat exchangers into the enclosures via forced-air heating 

169 distributed around the base of the enclosure. Half of the enclosures also receive elevated [CO2] 

170 via the injection of pure CO2 into the air circulation ducts to attain a target level of +500 ppm to 

171 replicate conditions predicted for the end of the 21st century (Hanson and others 2017). SPRUCE 

172 is unique in that it exposes large experimental enclosures to ‘whole-ecosystem’ warming; 

173 belowground warming is accomplished with 3-m deep heating rods that encircle and intersperse 

174 each enclosure. The encircling heating rods provide heat from 0-3 m depth, while rods within the 

175 enclosures only heat from 2-3 m depth to avoid hot spots of direct heating within the rooting 

176 zone. This system provides a uniformly warmed volume of peat belowground (Barbier and 

177 others 2013). 

178 Beneath each enclosure, the belowground peat volume is encircled by a corral constructed from 

179 interlocking piles that reach beneath the peat horizons to the subtending mineral soils. The corral 
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180 isolates the biogeochemical and hydrological system associated with each enclosure so that each 

181 enclosure can be conceptualized as a ‘miniature bog’ exposed to a future climate. The 

182 belowground corrals also allow quantification of outflow, the shallow lateral flow analogous to 

183 runoff via natural passive drainage (data citation: Sebestyen & Griffiths 2016). SPRUCE 

184 treatments began with deep-peat warming in 2014 and installation of the corrals in winter 2014 – 

185 2015; aboveground warming began in August 2015, and elevated [CO2] additions began in early 

186 June 2016 during the first full year of whole-ecosystem warming (Hanson and others 2017). 

187 Although the SPRUCE treatments are applied as differential levels of warming and CO2 

188 additions, because biological systems respond to actual temperatures we express and evaluate 

189 nutrient responses to warming by comparisons to measured peat temperatures at the depth of 

190 resin incubations rather than the nominal temperature treatments.

191 Plant-available nutrients assessed using ion-exchange resins

192 Plant-available nutrients were assessed using mixed-bed ion-exchange resin capsules (i.e., 

193 containing both anion, OH-, and cation, H+, resins). Ion-exchange resins have been shown to 

194 accurately integrate and represent plant-available ammonium (NH4-N) and phosphate (PO4-P) 

195 across space and through time, including in ecosystems underlain by organic soils (Bridgham 

196 and others 2001; Giblin and others 1994; Gu and others 2020), and have been tested at soil 

197 temperatures up to 30°C (Yang and others 1991). The resin capsules at SPRUCE were inserted, 

198 incubated, and extracted serially beginning in 2013 and the collections are on-going (data 

199 citation: Iversen and others 2017). Data presented here span the full years of 2014 to 2018 and 

200 therefore include periods of belowground warming only (2014), above- and belowground 

201 warming (2015) and above- and belowground warming with elevated [CO2] (2016-2018). PVC 

202 resin-access tubes (Wecsa, Inc., LLC) allowed removal and replacement of the resin capsule 
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203 without disturbing the peat profile. Access tubes consisted of a 3.2-cm diameter outer tube with a 

204 1.9-cm diameter inner access tube with a resin capsule attached to the base (see Figure S1; as in 

205 Iversen and others 2018). Resin-access tubes were installed in June 2013 at a 30° angle from 

206 vertical across hummock and hollow microtopography and throughout the shallow peat profile to 

207 a depth of 60 cm in hummocks and 30 cm in hollows. Hummock-hollow access-tube arrays were 

208 installed in two locations in each of the ten SPRUCE experimental enclosures, as well as two 

209 locations in each of two ambient, unenclosed plots (Figure 1). 

210 Locations and elevations of each access-tube array were estimated by terrestrial laser scanning 

211 (TLS) using a Riegl VZ-1000 terrestrial laser scanner (Riegl Laser Measurement Systems, Riegl 

212 USA, Inc., Winter Garden, FL, USA) as in Graham and others (2020). Briefly, 50-cm tall dowels 

213 that had reflectors on their tops were inserted at the peat surface in May 2018, before the TLS 

214 scan. The location of the dowel was optimized to reflect the average elevation of the resin-access 

215 tube arrays. Elevation was then calculated by subtracting 50 cm. On average, hummocks were 

216 ~15 cm higher in elevation than adjacent hollows, with a few exceptions (Table S1).

217 UNIBEST resin capsules (UNIBEST, Inc., Walla Walla, WA, USA) were placed into contact 

218 with the soil at the base of the inner resin-access tube (11.4 cm2 of the rounded capsule surface 

219 protruded from the base of the tube; Figure S1f) and incubated in situ for approximately 28 days 

220 before collection and replacement with a new resin capsule. In cases where resins were frozen 

221 into the bog during winter months and unable to be removed, we assumed that the unfrozen time-

222 period was no longer than 28 days (we refer to this collection timeframe as monthly below, to 

223 differentiate from annual nutrient availability). Peat was cleaned from the removed capsules by 

224 rinsing with distilled water, and the capsules were air-dried prior to shipment to Oak Ridge 

225 National Laboratory (ORNL). At ORNL, the air-dried capsules were serially extracted with 2 M 
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226 potassium chloride, and the extractant was frozen at -20ºC until analysis for nutrient 

227 concentrations on a Lachat QuikChem 8500 flow injection analysis autoanalyzer (Hach 

228 Company, Loveland, CO, USA) as in Iversen and others (2017, data citation). Nutrient 

229 adsorption was blank-corrected based on unincubated resins, standardized per unit of resin 

230 capsule surface area, and either standardized per 28 days or summed over a calendar year as a 

231 cumulative annual total. Previous studies with these resin capsules indicate they continue to 

232 accumulate nutrients over time without saturation (Skogley and others 1996; Yang and others 

233 1991). In the few cases where an observation was lost during sampling or processing, the value 

234 from the second resin array in the same enclosure, at the same microtopographic position and 

235 peat depth, was substituted to derive annual cumulative totals. Given that NO3-N adsorbed to 

236 resins was negligible and often below detection limits (as might be expected in a saturated, acidic 

237 bog ecosystem, Bridgham and others 2001), we focus on resin-available NH4-N and PO4-P for 

238 the purposes of this paper. 

239 Resins mimic a plant root, exchanging ions with the surrounding soil system, allowing us to 

240 quantify the in situ availability of nutrients for plant acquisition. However, we note that resin-

241 accumulated nutrients are the balance of production (gross nutrient mineralization) and 

242 consumption (nutrient immobilization) by surrounding plants, microbes, and soil surfaces. While 

243 this is similar to the competitive environment experienced by plant roots, these competing 

244 processes must be kept in mind when interpreting observed patterns in resin-available nutrient 

245 dynamics. We further compared responses inferred from ion-exchange resins to the dynamics of 

246 inorganic nutrients observed in porewater because vegetation has access to near-surface 

247 porewater as a potential source of nutrients and porewater is frequently measured across 

248 saturated peatland ecosystems (Bourbonniere 2009). 
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249 We focused on inorganic nutrient availability given that we were able to capture its accumulation 

250 over time and with peat depth using non-destructive ion-exchange resin sampling. However, 

251 vegetation in boreal systems has been shown to acquire organic nutrients (Kielland and others 

252 2006), so we also compared the patterns observed in resin-available nutrients to organic nutrients 

253 in porewater to gain a broader view of plant-available N and P. 

254 Porewater nutrients

255 A nest of six depth-specific (10-cm screened sections) piezometers per enclosure allowed 

256 collection of porewater throughout the peat profile (0-3 m) in hollow microtopography. Water 

257 samples were collected every 2 weeks using a peristaltic pump and analyzed for nutrients (NH4-

258 N, NO3-N, and soluble reactive phosphorus, SRP), as well as total N (TN) and total P (TP) at the 

259 United States Forest Service laboratory in Grand Rapids, MN, USA. Soluble reactive P 

260 concentration (SRP) is largely equivalent to phosphate concentration (PO4
3-) in water, though 

261 some condensed phosphate may be measured along with orthophosphate in the colorimetric 

262 method that we used to determine SRP (APHA, 2017). Ammonium, NO3-N, SRP, TN, and TP 

263 concentrations were quantified via analysis on a Lachat QuikChem autoanalyzer as described in 

264 Griffiths and others (2016b, data citation). We focused on the porewater nutrient concentrations 

265 at 0-10 cm and 30-40 cm depths to facilitate direct comparison with ion-exchange resins 

266 incubated at those depths in adjacent hollows. We averaged the nutrient concentrations for 

267 porewater samples that were collected within the dates of the approximately monthly resin 

268 incubations, beginning in 2015 and extending through 2018. We calculated ‘organic N’ and 

269 ‘organic P’ as the difference between total N and inorganic N and total P and inorganic P, 

270 respectively (where organic N was equal to ‘0’ if the difference resulted in a slightly negative 

271 number). When porewater nutrients were below detection limits, we used half the detection value 
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272 as the value for that collection date (the detection limit varied according to methodology 

273 described in data citation: Griffiths and others 2016b). 

274 Potential nutrient competition 

275 In order to understand the surface dynamics of resin-available nutrients over time, we compared 

276 patterns in resin-available NH4-N and PO4-P to patterns in the nutrient requirements of 

277 Sphagnum mosses given its mortality in response to warming at SPRUCE in later treatment years 

278 (Norby and others 2019). Sphagnum nutrient requirement was calculated using growth and N and 

279 P concentration estimates from each of the dominant Sphagnum species measured annually in 

280 October 2016, 2017, and 2018 in each experimental enclosure (methods described in Norby and 

281 others 2019, and data citations: Norby and others 2018 and 2020). The enclosure-scale N or P 

282 requirement for new growth is the concentration of the element in species-specific new growth 

283 times the dry matter increment, scaled by fractional cover of each Sphagnum species (g N/m2 or 

284 g P/m2).

285 While mineral surfaces can immobilize PO4-P (Richardson, 1985), the peat in the S1 Bog where 

286 the SPRUCE experimental enclosures are located has limited mineral content to a depth of at 

287 least 2 m (data citation: Iversen and others 2014). The S1 Bog also has limited bulk and 

288 extractable Al and Fe content throughout (Herndon and others 2019; Tfaily and others 2014), 

289 though the relationship between P and Fe in surface peat appears to be increasing with warming 

290 (Curtinrich and others 2021).

291 Edaphic and environmental conditions in the SPRUCE enclosures

292 Peat temperature. We investigated the temperature response of resin-available nutrients, both 

293 during the 28-day periods of resin deployment and over the course of each year, using peat 



Iversen and others - Warming increases bog nutrient availability

15

294 temperature measurements collected from multipoint thermistor probes (W.H. Cooke & Co. Inc, 

295 Hanover, PA, USA). The probes were installed in each SPRUCE experimental enclosure in 2014 

296 in zone B (i.e., the zone in the middle of the SPRUCE experimental enclosures; for more 

297 information about probe locations, installation, and calibration, see data citation: Hanson and 

298 others 2016). The depth of interest for each soil temperature probe was chosen to most closely 

299 match the targeted incubation depth of ion-exchange resin capsules (i.e., probes installed in 

300 hummocks at ~20 cm and ~ 0 cm above the hollow surface, and probes installed in hollows at 

301 ~10 cm and ~30 cm below hollow surface; see Table S2). 

302 Water table. Automated water table elevation measurements and normalization for each 

303 enclosure with respect to hollow heights are explained in detail in Hanson and others (2020b, 

304 data citation). Briefly, water table elevation measurements collected beginning in 2015 were 

305 obtained in stainless steel well casings (Drillers Services, Inc.) centered within each SPRUCE 

306 enclosure. The water height within each well was measured with automated sensors (Model WT-

307 VO 2000; TruTrack, Christchurch, New Zealand). Water table absolute elevations in meters 

308 were referenced to surveyed elevations of the tops of all wells (data citation: Griffiths and others 

309 2016a), and water level with respect to the mean hollow elevation of an enclosure were 

310 normalized to the water height in the well during a uniform post-rainfall, post-drainage period 

311 when water tables were just at or below the peat hollows. We only include a water table 

312 comparison when the average peat temperature at the depth of each incubated resin was above 

313 0°C for each incubation period. 

314 Simulated nutrient availability responses to warming using ELM-SPRUCE

315 We used ELM-SPRUCE, a version of the Energy Exascale Earth System Model (E3SM) land 

316 model (version 1, ELM v1), to simulate nutrient responses to warming and elevated [CO2] at 
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317 SPRUCE. Building on the Community Land Model version 4.5 (CLM4.5), ELM v1 has 

318 undergone several major developments in recent years. These new developments include the 

319 coupling of C, N and P cycle dynamics, the introduction of dynamic storage pools for C, N and 

320 P, the improved representation of the effects of nutrient limitation on plant growth, improved 

321 phenology for deciduous forests, and various improvements in model parameterization (Burrows 

322 and others 2020; Yang and others 2019). Compared to ELM v1, ELM-SPRUCE includes 

323 additional processes and plant functional types that are specific to peatland ecosystems (Griffiths 

324 and others 2017; Shi and others 2021; Shi and others 2015). Observational data from the S1 Bog 

325 used for model parameterization included leaf- and fine-root N and P concentrations (Salmon 

326 and others 2021) and rooting depth for fine roots (Iversen and others 2018). Model evaluation 

327 using pretreatment observations of vegetation biomass, growth, and nutrient requirements 

328 suggests that ELM-SPRUCE is generally able to capture the observed C and nutrient pools and 

329 fluxes (Griffiths and others 2017; Salmon and others 2021).  

330 Model simulations for the current study included three steps: (1) Model spin-up to generate pre-

331 industrial steady-state for C, N and P pools in vegetation and soils, (2) Transient simulations 

332 from 1850-2014 in which historical atmospheric CO2 concentrations and N deposition were used 

333 as driving data, and (3) Simulations of treatment responses between 2015-2018, in which 

334 treatment-specific air temperature and atmospheric CO2 concentrations were used as driving 

335 data. In total, there were 11 simulations corresponding to 10 experimental treatments and 1 

336 ambient plot at SPRUCE. We focused here on the outputs of annual cumulative net N and P 

337 mineralization from treatment simulations between 2016-2018. Net nutrient mineralization per 

338 unit peat volume is an imperfect comparison to annual resin-available nutrient accumulation but 

339 was the closest nutrient flux available from among the model outputs and integrates similar 
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340 processes of nutrient mineralization and immobilization (e.g., Bridgham and others 2001). Here 

341 we compare resin-available nutrients with ELM-SPRUCE simulated net nutrient mineralization 

342 responses in a qualitative way with the goal of identifying important gaps in model 

343 representation of nutrient cycle dynamics in peatland ecosystems. Gross nutrient mineralization 

344 in ELM-SPRUCE is modeled using a Q10 approach (where Q10 = 1.5) and resulting net nutrient 

345 mineralization is the remainder after microbial nutrient immobilization.  

346 Statistical analyses 

347 Resin-available nutrient responses to warming and elevated [CO2]

348 We used R version 4.0.3 in our statistical analyses (R Core Team, 2021) to examine resin-

349 available nutrient responses to warming and elevated [CO2] in the SPRUCE experimental 

350 enclosures from 2014 to 2018. We do not include data from unenclosed, ambient plots in our 

351 statistical models (as in Hanson and others 2020a). However, ambient plots were measured to 

352 quantify potential experimental artifacts and the data are summarized in Table 1. Peat 

353 temperature and the availability of NH4-N and PO4-P differed somewhat between the +0°C 

354 enclosures and the unenclosed, ambient plots, though differences varied by peat depth and 

355 among plots (see Supplementary Statistical Methods and Table 1). 

356 We assessed responses of resin-available nutrients to warming in the enclosures in two ways: 

357 first, we examined the variation in the cumulative annual availability of NH4-N and PO4-P, as 

358 well as the ratio of the two. We expected that the N/P ratio would provide an assessment of 

359 whether resin-available NH4-N and PO4-P differed in their response to warming, and also what 

360 the implications might be for vegetation N or P limitation (Koerselman & Arthur, 1996). To 

361 assess these annual responses, we compared several potential linear mixed-effect models to 

362 consider the effects of warming, elevated [CO2], microtopography, peat depth, and year on 
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363 nutrient dynamics using the lmer function in the lme4 package in R (see additional detail in 

364 Supplementary Statistical Methods; Harrison and others 2018). In these models, both warming 

365 and elevated [CO2] were treated as fixed effects, where warming was a numerical vector of the 

366 average annual peat temperature measured at the peat depth closest to that of the resin depth and 

367 CO2 was a discrete variable (e.g., ‘ambient’ or ‘elevated’). Peat depth and microtopographic 

368 position were combined into a discrete, fixed effect in the models called ‘topodepth’ (e.g., 

369 hummock at 10 cm, hummock at 30 cm, hollow at 10 cm, etc.). We assumed that year was an 

370 important factor given the progression in SPRUCE treatment application, and year was treated as 

371 a discrete, fixed effect in the models. In turn, we included enclosure as a random effect in the 

372 models (with both a random intercept and a random slope) to account for random differences 

373 among enclosures and repeated sampling of enclosures that were not explained by our fixed 

374 effects. Cumulative annual resin-available nutrients and nutrient ratios were log-transformed 

375 prior to statistical analyses to meet model assumptions. We selected a final model based on AIC 

376 criteria, as well as standard model selection processes (see Supplementary Statistical Methods for 

377 more information; Harrison and others 2018). We made pairwise comparisons by topodepth and 

378 year using the pairwise function in the emmeans package in R (Table S3).

379 After considering the annual accumulation of resin-available nutrients, we examined the 

380 variation in accumulated NH4-N and PO4-P over the ~28-day timeframe (i.e., the monthly 

381 responses). Examining the monthly patterns in resin-available nutrients allowed us to consider 

382 the additional factor of depth to the water table, which varied seasonally within a year and 

383 therefore could not be analyzed on an annual basis. Given the correlation between peat 

384 temperature and depth to water table, we used a principal components analysis to obtain a 

385 continuous variable representing the combination of peat temperature and distance to water table 
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386 and used this variable in a new set of linear mixed-effects models (see details in Supplementary 

387 Statistical Methods). However, these monthly models were similar to the annual models, and 

388 further investigation showed that that water table level – which had not yet changed substantially 

389 in response to warming – had little power to explain (less than 10%) observed changes in resin-

390 available nutrients (see Supplementary Statistical Methods, Figures WT1 and WT2). Thus we do 

391 not discuss water table results further here. 

392 We did disentangle peat temperature from depth to water table to further explore the temperature 

393 sensitivity of monthly nutrient availability. We fit Q10 relationships to the monthly accumulation 

394 of resin-available nutrients at a given peat temperature (Lloyd and others 1994). Curves were fit 

395 in Sigma Plot (version 14.5, Systat Software, Inpixon HQ, USA) using the equation: Resin-

396 Available Nutrient (µg cm-2 28 days-1) = R12 × Q10
((Peat Temperature-12)/10), where R12 is the baseline 

397 resin-available nutrient flux during incubation period (targeted at 28 days) at 12°C, a temperature 

398 near the midpoint of the range of peat temperatures across warming treatments, peat depths, and 

399 microtopographic positions. To obtain a warming response for model comparison, we fit Q10 

400 relationships to observations from all enclosures at a given topodepth across all years as well as 

401 for the most recent observation year of 2018. For comparison, we also fit Q10 response functions 

402 to model projections of cumulative annual net N and P mineralization. 

403 Comparisons among resin-available nutrients and other nutrient pools 

404 We examined the relationship between Sphagnum annual N and P requirement (g nutrient m-2 

405 year-1) and surface resin-available NH4-N and PO4-P at 10-cm depth in hummocks and hollows 

406 using log-linear regressions. Furthermore, we examined whether resin-available nutrients were 

407 correlated with porewater inorganic, organic, and total nutrients. Given that log-transformation 
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408 did not result in normally-distributed data, we used a non-parametric correlation for the 

409 porewater comparisons (Spearman’s Rho; stats package in R). 

410 Results

411 Cumulative annual resin-available nutrients increased with warming but varied with peat 

412 depth and microtopography 

413 NH4-N was by far the most available N source, with NO3-N making up a negligible fraction; PO4 

414 availability was intermediate between NH4-N and NO3-N. Warming increased cumulative annual 

415 resin-available NH4-N and PO4-P, but the magnitude of the response varied across 

416 microtopographic positions and with peat depth and increased over time. There were no 

417 significant effects of elevated [CO2] on resin-available nutrients (Table 1). Neither warming nor 

418 elevated [CO2] had a significant effect on the cumulative annual ratio of resin-available N/P, 

419 though resin-available N/P ratio increased with peat depth (Table 1 and Table S3). 

420 The best overall model fit to explain the variability in NH4-N and PO4-P and their ratio (i.e., the 

421 model with the lowest AIC) included the average annual peat temperature at the depth closest to 

422 that of the resin, as well as combined hummock-hollow microtopographic position and depth 

423 (i.e., the ‘topodepth’ term), and year, with enclosure as a random factor (conditional R2 = 0.77, 

424 0.71, and 0.43 for NH4-N, PO4-P, and N/P ratio models, respectively; Figure 2). A model 

425 including elevated [CO2] did not provide a better fit to any of the resin-available nutrient data 

426 (See Supplementary Statistical Methods). Within the best-fit model for NH4-N and PO4-P, we 

427 also observed significant interactions between warming and topodepth, as well as warming and 

428 year, and we observed an increase in the strength of the warming × year interaction over time 

429 (Figure 2, Supplementary Statistical Methods). In turn, the best-fit linear mixed-effect model for 
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430 cumulative annual N/P ratio also included a significant interaction between topodepth and year 

431 (Figure S2, Supplementary Statistical Methods). 

432 Given the significant interactions with warming, we also fit separate log-linear models to average 

433 annual peat temperature at a given topodepth and log-transformed cumulative available NH4-N, 

434 PO4-P, and the ratio of the two at each microtopographic position and peat depth, across all years 

435 (Figure 3) and within a single year (Table S4). The only significant log-linear models between 

436 peat temperature and resin-available NH4-N or PO4-P indicated an exponential increase in resin-

437 available nutrients with increasing peat temperature at deeper peat depths (Figure 3) and in more 

438 recent years (Table S4). We saw no significant relationships between annual N/P ratio and 

439 warming at any topodepth position either within or across years (Table S4, with the exception of 

440 an extremely weak relationship at 60-cm peat depth). 

441 Within a given treatment year, resin-available NH4-N and PO4-P tended to be least in shallow 

442 peat and less in raised hummocks compared with depressed hollows (Tables 1 and S3, Figure 3). 

443 Averaged across all enclosures, resin-available NH4-N to PO4-P were significantly greater in 

444 2018 than in previous years (Figure 2; Table S3). In turn, the ratio of cumulative annual available 

445 NH4-N to PO4-P ranged from ~1:1 to 175:1 across all years, microtopographic positions, and 

446 peat depths (Table 1). 

447 ELM-SPRUCE predicted increases in annual net nutrient mineralization with warming 

448 Across all topodepths, ELM-SPRUCE predicted increases in annual cumulative net N and P 

449 mineralization with warming (Figure 4), but the magnitudes of the warming responses in model 

450 simulations (assessed by Q10 response functions) were much lower than the warming responses 

451 observed in the resin-available nutrient data, especially in surface soils (Table S5). As with 

452 observed resin-available nutrient dynamics (Table 1), model prediction of net N and P 
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453 mineralization was greater in the hollows than in the hummocks, but in contrast to the 

454 observations, model-predicted net nutrient mineralization tended to decrease with peat depth 

455 (Figure 4). 

456 Large increases in shallow peat resin-available nutrients were correlated with mortality of 

457 Sphagnum mosses in warmest enclosures

458 The increase in cumulative annual resin-available nutrients with warming had initially been 

459 much greater below the rooting zone (i.e., at 60- and 30-cm depths in hummocks and hollows, 

460 respectively, Table 1, Figures 2, 3), but this changed in later treatment years, where we saw large 

461 increases in both NH4-N and PO4-P at 10-cm peat depth in both hummocks and hollows (Table 

462 1, Figure 3). During the same time period (i.e., between 2016 and 2018), we observed a steep 

463 decline in Sphagnum N and P requirement (i.e., the N or P content of new tissue in g nutrient per 

464 m2 per year; Figure S3), in conjunction with Sphagnum mortality in the warmest treatments 

465 (Norby and others 2019). The observed increase in shallow resin-available nutrients was related 

466 (R2 = 0.24 for NH4-N and 0.09 for PO4-P) to the decline in Sphagnum nutrient requirements in 

467 the warmest treatments (Figure 5). 

468 Monthly resin-available NH4-N and PO4-P increased exponentially in response to warming

469 Given that nutrient response to warming was most notable in later treatment years, we 

470 individually examined the Q10 dynamics in the last year of available data (2018, after 4 years of 

471 whole-ecosystem warming, Figures 6 and S4, as well as across all treatment years, Table S5; see 

472 Figures S5 and S6 for all data across all years). We found that a Q10 function explained the 

473 warming response of NH4-N and PO4-P to increasing peat temperatures when observations from 

474 across all warming and [CO2] treatments were examined within a given microtopography and 

475 peat depth, especially in deeper soil (Figures 6 and S4, respectively; observations from 2018 
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476 only). Significant Q10 values for increases in monthly resin-available nutrients with peat 

477 temperature across all treatments ranged from ~3 to as much as ~9 in 2018, and higher when all 

478 years were combined (Table S5); in turn, R12 values – the baseline amount of resin-available 

479 nutrient at 12°C – tended to increase with peat depth (Table S5). While the ratio between 

480 monthly resin-available N and P did not change significantly in response to warming, it did tend 

481 to increase with peat depth (Figure 7).

482 Monthly resin-available nutrients and porewater nutrients were only somewhat correlated

483 Cumulative monthly resin-available inorganic nutrients in hollows were somewhat correlated 

484 with porewater inorganic nutrients in hollows across all enclosures and years 2015 – 2018 in 

485 both shallower (Spearman’s Rho = 0.30 and 0.32, for N and P, respectively, P < 0.001 for each) 

486 and deeper peat (Spearman’s Rho = 0.69 and 0.52 for N and P, respectively, P < 0.0001 for both 

487 N and P; Figures 8, S7). Resin-available inorganic nutrients were somewhat correlated with 

488 porewater organic nutrients (i.e., the difference between total N or P and inorganic N or P) in 

489 shallower peat (Spearman’s Rho = 0.34 and 0.30 for ON and OP respectively, P < 0.0001, for 

490 both N and P) and in deeper peat (Spearman’s Rho = 0.38 and 0.18, P < 0.0001 and P = 0.004, 

491 for N and P, respectively; Figures 8, S7). Resin-available inorganic nutrients and total porewater 

492 nutrients were also somewhat correlated, both in shallower peat (Spearman’s Rho = 0.42 and 

493 0.38 for TN and TP respectively, P < 0.0001, for both N and P) as well as in deeper peat 

494 (Spearman’s Rho = 0.66 and 0.52, P < 0.0001 for both N and P; Figures 8, S7). 

495 Discussion

496 The controls over peatland C balance range from the environmental constraints of cold, acidic, 

497 waterlogged peat to the interplay between C production and decomposition as mediated by 

498 nutrient-limited plants and microbes (Bridgham and others 1998; Limpens and others 2008). 
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499 Many of these responses are underpinned by, or will affect, nutrient dynamics throughout the 

500 peat profile. Here we found that after 4 years of whole-ecosystem warming and elevated [CO2] 

501 treatments: (1) Warming exponentially increased resin-available NH4-N and PO4-P, and the 

502 magnitude of the response increased over time and varied across the microtopography of the bog 

503 surface and with peat depth; (2) these dynamics were generally unaffected by elevated [CO2]; 

504 and (3) relative increases in resin-available NH4-N and PO4-P with warming were similar, 

505 though resin-available N/P ratios increased with peat depth. 

506 Warming increased resin-available nutrients, but responses depended on microtopography 

507 and peat depth 

508 Warming exponentially increased resin-available NH4-N and PO4-P. The strength of this 

509 response increased by an order of magnitude between the first and fourth years of whole-

510 ecosystem warming, and the increase in resin-available nutrients with warming was greatest in 

511 deeper peat, at least early in the progression of experimental warming (Tables 1, Figures 2 and 

512 3). However, we did not observe any significant effects of elevated [CO2] on resin-available 

513 NH4-N or PO4-P (Table 1; Figure 3). While evidence for peatland responses to elevated [CO2] is 

514 mixed, others have shown previously that elevated [CO2] may not necessarily increase plant 

515 production in nutrient-limited and Sphagnum-dominated bogs (Berendse and others 2001), 

516 including the SPRUCE experimental enclosures (McPartland and others 2020, but see Norby and 

517 others 2019). Thus, we may not expect an impact of elevated [CO2] on nutrient cycling, or in 

518 turn, nutrient responses may be weak or delayed. And while depth to water table almost certainly 

519 plays a role in controlling resin-available nutrient dynamics throughout the peat profile, 

520 especially given controls over rooting depth distribution and microbial activity, we saw little 
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521 warming-induced effects of water table level on resin-available nutrients (see Supplementary 

522 Statistical Methods). 

523 Diminished competition at depth from shallowly-rooted vascular plant species, microbial 

524 communities, and Sphagnum mosses could explain the relatively stronger initial increases in 

525 resin-available nutrients with warming at deeper peat depths relative to shallower peat depths 

526 (Table 1; Figures 3, S5, S6). For example, prior to the initiation of warming, we found that the 

527 fine roots of the ericaceous shrubs and tree species in the S1 Bog were extremely shallowly 

528 distributed above the average summer water table level (Iversen and others 2018). And given 

529 that vertical transport of dissolved organic matter has been observed in the S1 Bog and in the 

530 SPRUCE experimental enclosures (Tfaily and others 2014; Tfaily and others 2018; Wilson and 

531 others 2021b), nutrients not acquired by plants in surface peat could accumulate at deeper peat 

532 depths (Griffiths & Sebestyen, 2016; Griffiths and others 2019). In turn, warming may lead to 

533 the destabilization and subsequent decomposition of organic matter at depth (e.g., Tfaily and 

534 others 2018; Wilson and others 2021a; AminiTabrizi and others 2022). Perhaps most 

535 importantly, prior to warming, the surface of the S1 Bog was carpeted by a layer of Sphagnum 

536 mosses (Norby and others 2019) which compete for and intercept nutrients at the peat surface 

537 from microbial mineralization, throughfall, and precipitation (Bähring and others 2017; Wang 

538 and others 2014). 

539 Dynamics of resin-available nutrients in response to other nutrient pools 

540 We saw a marked increase in NH4-N and PO4-P in the surface peat of the warmest treatments in 

541 recent years – especially in 2018 (Table 1, Figures 2, 3). This was unexpected given observed 

542 increases in above- and belowground production of ericaceous shrubs as well as in 

543 ectomycorrhizal fungal rhizomorphs in response to warming that would ostensibly increase 
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544 nutrient acquisition by bog vascular plant species (Defrenne and others 2021; Malhotra and 

545 others 2020; McPartland and others 2020). 

546 We hypothesize that the increase in nutrient availability in surface peat in the warmest plots in 

547 later treatment years was linked to the mortality of Sphagnum mosses with warming at SPRUCE. 

548 By 2018, the mosses were essentially decimated in the warmest enclosures from either peat 

549 drying or shading from the strong growth response of ericaceous shrubs (Norby and others 

550 2019). In particular, the largest increases in resin-available nutrients we observed were in the 

551 warmest enclosures with the least Sphagnum nutrient demand (Figure 5). Furthermore, this large 

552 increase in resin-available nutrients could also be related to the loss of Sphagnum capture of 

553 atmospherically-derived nutrients (e.g., van der Heijden and others 2000; Wang and others 

554 2017), which could explain the relatively greater relationship with resin-available N, which has 

555 higher deposition rates than P (Salmon and others 2021). In turn, there may have been an 

556 increase in nutrients released from dead and decaying Sphagnum necromass (Gerdol and others 

557 2007). While not significant in the overall statistical model, there is some evidence that the 

558 strong increase in surface nutrients with warming in more recent years was suppressed under 

559 elevated [CO2] (Table 1). We continue to monitor whether this pattern develops over time. 

560 The relationship between nutrient availability and Sphagnum growth is bi-directional; while the 

561 increase in inorganic nutrient availability in the surface peat of the warmest SPRUCE treatments 

562 could be driven by the loss of Sphagnum, it could also be contributing to and potentially 

563 accelerating Sphagnum loss. The detrimental impacts of increased nutrient availability on 

564 Sphagnum growth and ground cover have been observed in a number of long-term nutrient 

565 fertilization or nutrient deposition experiments in nutrient-poor peatlands (e.g., Limpens and 

566 others 2011; Larmola and others 2013; Juutinen and others 2016; Levy and others 2018). 
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567 Shifting peatland vegetation composition with increased nutrient availability has implications for 

568 peatland ecosystem function, including increased peat subsidence and decreased capacity for 

569 peatland carbon storage (Franzén 2006; Limpens and others 2011; Larmola and others 2013; 

570 Kiheri and others 2020), and we are beginning to observe some of these impacts in the SPRUCE 

571 experimental treatments (Norby and others 2019; Hanson et al. 2020a).

572 Given that bogs are water-saturated ecosystems where much of the belowground peat 

573 environment tends to be perennially inundated with porewater, we compared resin-available 

574 nutrient dynamics to porewater nutrient dynamics. We found that resin-available NH4-N and 

575 PO4-P were only somewhat correlated with porewater inorganic N and P (Figures 8 and S7, 

576 respectively), likely indicating that these metrics of nutrient dynamics represent different spatial 

577 and temporal components of the bog nutrient cycles. In contrast to the ‘root-like’ acquisition of 

578 ion-exchange resins, porewater, similar to one-time soil extractions, represents a snapshot, or 

579 pool, of residual nutrients that are not currently immobilized in plant or microbial biomass 

580 (Bourbonniere, 2009; Bridgham and others 2001; Griffiths and others 2019). Furthermore, 

581 previous work has shown that ion-exchange resins may be good integrators of nutrient ‘hot 

582 moments’ that occur over time (Darrouzet-Nardi and Bowman 2011), while these dynamic 

583 fluxes could either be missed with periodic sampling or assigned outsized importance. On the 

584 other hand, lateral outflow could be a good integrator of nutrient ‘hot spots’ across the plot (e.g., 

585 Sebestyen and Griffiths 2016; Curtinrich and others 2021). We did observe stronger correlations 

586 between resin-available and porewater nutrients in deeper peat (Figures 8, S7), potentially due to 

587 the accumulation of nutrients transported downward through the peat profile (e.g., Griffiths & 

588 Sebestyen, 2016) or the destabilization of organic matter at depth with warmer temperatures 

589 (e.g., Tfaily and others 2018; Wilson and others 2021a; AminiTabrizi and others 2022). 
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590 Organic nutrients have been hypothesized to be a potential nutrient source in cold, nutrient-

591 limited ecosystems (Kielland, 1994; Kielland and others 2006; Raab and others 1999; Schimel 

592 and others 2004), including in the S1 Bog (Salmon and others 2021). However, ion-exchange 

593 resins do not allow us to make any conclusions with regard to plant-available organic nutrients, 

594 as inorganic resin-available nutrients were not well-correlated with porewater organic N and P 

595 (Figure 8). While porewater organic N and P were a large fraction of the total dissolved nutrient 

596 pools (~81% ± 19 SD for N and 46% ± 29 SD for P across all collection dates and depths), much 

597 of this porewater organic nutrient pool likely represents polymers too large for plants to directly 

598 uptake (Schimel & Bennett, 2004). Furthermore, increasing mineral N can lead to decreasing 

599 preference for organic N acquisition (Cott and others 2020), though mycorrhizal partnerships can 

600 change this dynamic (Defrenne and others 2021). 

601 In addition to N and P, other macronutrients limit plant growth in peatlands (e.g., Hoosbeek and 

602 others 2002; Larmola and others 2013; Wang and others 2017; Levy and others 2018), and the 

603 dynamics of multiple nutrient cations in porewater are being quantified over space and time at 

604 the S1 Bog as well as in the SPRUCE experimental enclosures (e.g., Griffiths and Sebestyen 

605 2016; Griffiths and others 2019). Preliminary evidence indicates that the outflow of nutrients 

606 such as Ca and Fe have increased with warming in the SPRUCE experimental treatments 

607 (Curtinrich and others 2021).

608 Warming increased the availability of NH4-N and PO4-P at similar rates 

609 We did not find any significant differences in the relative responses of resin-available NH4-N 

610 and PO4-P to warming (Table 1; Figures 2, 3, and 7). The ratio of cumulative annual available 

611 NH4-N to PO4-P was highly variable, but averaged 12.6 (± 17.2 SD) across all depths and years, 

612 close to the average N/P ratio of plant biomass at the S1 Bog (~12; Salmon and others 2021). 
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613 The cumulative annual resin-available N/P ratio tended to be slightly lower than the average N/P 

614 ratio of peat measured in the S1 Bog (0 to 30 cm peat depth, averaged across hummocks and 

615 hollows, 18 ± 4 SD; Salmon and others 2021) and in a recent review spanning a range of boreal 

616 bogs (0 – 50 cm peat depth, 24.5 ± 0.8; Wang and others 2015). This could indicate that there 

617 was a relatively more limited NH4-N supply compared to PO4-P in the pool of nutrients that were 

618 mineralized from peat and became resin-available between 2014 and 2018 (potentially due to 

619 low activation energy of N-acquiring enzymes compared to P observed in the S1 Bog; Steinweg 

620 and others 2018). In turn, it could be that NH4-N tended to be more limiting for plant and 

621 microbial growth in the SPRUCE enclosures (Cleveland and others 2007; Salmon and others 

622 2021), and thus there was more competition from plants and microbes with the ion-exchange 

623 resins for NH4-N compared to PO4-P. While the cumulative annual resin-available N/P ratio did 

624 not change significantly in response to warming, resin-available N/P ratio did tend to increase 

625 with peat depth (Tables 1 and S3; Figure 7), indicating an increase in P limitation in deeper peat. 

626 This increasing N/P ratio with depth has been observed in the peat profile in the SPRUCE bog 

627 (Salmon and others 2021) as well as in other bogs (Wang and others 2015). One theory regarding 

628 these depth dynamics is that P is strongly limiting to microbial growth in peatlands and is tightly 

629 cycled at the peat surface, whereas N is buried and accumulates with peat depth (Bridgham and 

630 others 1998; Hill and others 2014; Steinweg and others 2018; Tfaily and others 2014; Wang and 

631 others 2015). 

632 Nutrient availability increased exponentially with peat temperature 

633 In addition to examining the response of NH4-N and PO4-P to warming and elevated [CO2] at an 

634 annual level, we were also able to look at the more highly-resolved resin-available nutrient 

635 dynamics at an ~monthly (28-day) timestep. We fit Q10 temperature response functions to 
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636 consider the temperature cues of monthly nutrient availability (similar to soil CO2 efflux, as in 

637 Hanson and others 2000) and to provide an important model parameter that may be used to 

638 simulate or benchmark nutrient availability in land surface models (e.g., Shi and others 2021). A 

639 Q10 function explained a large fraction of variation in resin-available NH4-N and PO4-P with 

640 increasing peat temperature in deeper peat, where the Q10 parameter was quite large (ranging 

641 from 2.5 to 51.4 across all years, microtopographic positions, and peat depths; Figures 6 and S4, 

642 Table S5). However, the Q10 function was a poor fit in surface soils, potentially due to the 

643 influence of competition from plants and microbes on nutrient accumulation on ion-exchange 

644 resins or potential loss of nutrients to deeper peat. 

645 Implications for understanding and modeling peatland responses to warming 

646 A hypothesized indirect response of ecosystems to warming is an increase in microbial nutrient 

647 mineralization, and therefore plant-available nutrients, that leads to increased plant growth and 

648 changing plant community composition, with follow-on impacts on ecosystem C storage 

649 (Bragazza and others 2013; Liu and others 2020; Rustad and others 2001; Salazar and others 

650 2020). We use terrestrial biosphere models such as ELM-SPRUCE to conceptualize and test 

651 these hypotheses – along with other mechanisms such as plant physiology and nutrient 

652 requirements – but models must be compared with and validated against experimental 

653 observations. Annual cumulative net nutrient mineralization predicted by ELM-SPRUCE reflects 

654 nutrient availability on an annual time scale and is a foundation for modeled plant and soil 

655 responses to warming. We compared model-predicted net nutrient mineralization with our long-

656 term and highly-resolved observations of resin-available nutrient dynamics; these fluxes have 

657 been qualitatively compared previously across a number of peatland ecosystems to inform 

658 understanding of peatland nutrient dynamics (as in Bridgham and others 2001). 
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659 Similar to the patterns observed in resin-available nutrients, ELM-SPRUCE projected a sustained 

660 and exponential increase in net N and P mineralization in response to warming, with no 

661 discernable effects of elevated [CO2] (Figure 4). However, the magnitudes of the modeled 

662 increases in net N and P mineralization with increasing peat temperature were much lower than 

663 the responses observed in resin-available nutrients (e.g., the calculated Q10 responses for model 

664 output of net nutrient mineralization ranged between ~1.5 and 5 across peat depths and 

665 microtopographic positions, compared to the much higher observed Q10 responses in resin-

666 available nutrients; Figures 6 and S4, Table S5). This could be because the Q10 warming 

667 response of microbial decomposition is underestimated by the model, or in turn because models 

668 do not incorporate potential ‘hot moments’ that are integrated by ion-exchange resins over time 

669 (e.g., Darrouzet-Nardi and Bowman 2011). 

670 Model predictions of increases in annual cumulative net N and P mineralization with warming 

671 were greater in depressed hollows, likely due to model-predicted drying in the hollows with 

672 warming (a response not observed at SPRUCE between 2014 and 2018), which increases organic 

673 matter decomposition. ELM-SPRUCE also predicted greater net nutrient mineralization in 

674 hollows on average, similar to the observed patterns in resin-available nutrients, though the 

675 mechanism for this was less clear and may be related to relatively less root activity in the 

676 hollows than hummocks (e.g., Iversen and others 2018). 

677 ELM-SPRUCE predicted a decrease in net N and P mineralization with depth (Figure 4), in 

678 contrast to observations of increasing resin-available nutrients with depth, across all treatments 

679 (Table 1, Figure 3). ELM-SPRUCE encodes a decline in microbial activity with peat depth, but 

680 we hypothesize that the model is either not capturing the potential transport of dissolved organic 

681 matter (and associated nutrients) downward through the peat profile (e.g., Griffiths & Sebestyen, 
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682 2016) or not capturing the destabilization and subsequent decomposition of organic matter at 

683 depth with warmer temperatures (e.g., Tfaily and others 2018; Wilson and others 2021a; 

684 AminiTabrizi and others 2022). The absence of either mechanism could explain why the model 

685 does not predict an accumulation of nutrients in deeper peat. Continued iteration between 

686 experimental observations and model predictions, which are based on underlying model 

687 parameterization and process conceptualization, can help to improve our projections of peatland 

688 responses to climate change across the world. 

689 Conclusions

690 The SPRUCE experimental warming by elevated [CO2] manipulation is the largest of its kind, 

691 allowing us to examine the whole-ecosystem impacts of a gradient of warming and potential 

692 interaction with rising atmospheric [CO2] in a peatland ecosystem. We found that warming 

693 exponentially increased plant-available nutrients, but that the magnitude of the response varied 

694 over time and across the microtopography of the bog surface and with peat depth. To-date these 

695 patterns remained generally unaffected by elevated [CO2]. Furthermore, complex interactions are 

696 suggested by the simultaneous long-term loss of the Sphagnum community and the relatively 

697 sudden increase in the availability of nutrients in surface peat, likely driven by both biotic and 

698 abiotic factors. Predictions of peatland nutrient availability in land surface models under climate 

699 change scenarios must account for dynamic changes in nutrient acquisition by plants and 

700 microbes, as well as microtopography and peat depth. 
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Supporting information

The supporting information is incorporated into one document that includes: (1) Supplementary 

Statistical Methods, including linear, mixed-effects model selection for both annual and monthly 

models, as well as (2) Supplementary Tables (Tables S1 – S5), and (3) Supplementary Figures 

(Figures S1 – S7). 
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713 Tables

714 Table 1. Cumulative annual resin-available NH4-N and PO4-P, and their annual ratio, across experimental treatments, 

715 microtopographic positions, and peat depths from 2014 to 2018. 

Year Atmospheric 
[CO2]

Micro-
topography

Depth 
(cm)

Cumulative annual available NH4-N 
(µg N cm-2 year-1) 

Cumulative annual available PO4-P 
(µg P cm-2 year-1) 

Cumulative annual N/P ratio 

Amb. 0°C 2.25°C 4.5°C 6.75°C 9°C Amb. 0°C 2.25°C 4.5°C 6.75°C 9°C Amb. 0°C 2.25°
C 4.5°C 6.75°

C 9°C

10 6 ± 2 12 15 11 7 15 1.0 ± 1.3 0.7 3.5 1.3 0.6 2.3 31 ± 12 113 4 67 26 8
30 38 ± 17 11 35 20 13 18 6.1 ± 2.8 1.3 3.2 6.1 4.3 2.3 7 ± 0 8 25 3 4 8Hummock
60 115 ± 51 25 140 143 152 90 10.8 ± 1.3 3.9 9.3 25.0 24.1 15.4 11 ± 6 7 17 5 8 6
10 20 ± 8 20 23 13 13 31 3.3 ± 1.0 1.9 6.9 3.0 3.1 6.6 6 ± 1 11 3 4 44 5

Ambient

Hollow 30 24 ± 14 12 84 49 26 32 2.8 ± 2.8 1.7 13.1 9.1 3.9 4.6 37 ± 42 8 6 6 6 7

10 -- 11 10 11 4 4 -- 3.3 0.1 1.3 2.6 0.2 -- 8 175 52 2 28
30 -- 17 21 23 43 17 -- 3.3 2.5 5.0 12.2 2.2 -- 5 10 6 4 105Hummock
60 -- 115 49 31 347 33 -- 25.3 7.9 4.7 56.1 9.8 -- 5 6 8 6 6
10 -- 26 13 29 56 18 -- 5.5 6.9 4.6 10.7 1.9 -- 5 3 6 4 83

2014

Elevated

Hollow 30 -- 77 33 28 179 37 -- 7.0 2.6 2.7 36.1 5.9 -- 11 13 39 5 7

10 7 ± 4 6 7 10 11 17 1.5 ± 1.2 1.3 0.9 1.4 3.3 3.2 5 ± 1 5 7 8 3 6
30 25 ± 6 10 23 15 16 16 1.6 ± 0.0 1.1 0.9 3.4 9.0 2.2 16 ± 4 9 27 4 2 9Hummock
60 73 ± 24 16 178 106 174 116 3.0 ± 1.7 1.4 10.1 8.7 4.6 4.3 33 ± 29 11 23 10 41 25
10 16 ± 9 18 13 14 20 28 1.5 ± 0.7 5.3 0.9 2.3 11.0 5.4 11 ± 2 4 14 6 2 5

Ambient

Hollow 30 17 ± 4 10 70 32 42 69 1.8 ± 1.3 1.1 1.9 4.7 3.4 3.5 12 ± 5 9 38 6 12 19

10 -- 1 7 7 5 15 -- 0.6 0.7 2.2 1.4 2.2 -- 2 9 5 4 7
30 -- 21 16 11 32 20 -- 1.1 1.3 1.9 6.6 3.0 -- 19 13 7 5 6Hummock
60 -- 50 35 27 407 59 -- 3.7 2.1 2.3 54.1 4.5 -- 13 14 12 9 13
10 -- 19 17 11 77 24 -- 4.5 2.5 1.8 31.2 4.2 -- 8 7 6 2 6

2015

Elevated

Hollow 30 -- 27 23 26 227 34 -- 2.6 1.7 2.6 32.5 3.2 -- 10 15 8 9 11

10 3 ± 0 8 13 5 2 20 0.4 ± 0.1 1.1 1.9 0.7 2.3 4.4 13 ± 2 9 7 11 1 5
30 22 ± 3 22 31 37 42 31 1.1 ± 0.1 2.9 4.3 6.5 29.3 4.7 24 ± 12 12 15 6 2 8Hummock
60 78 ± 30 16 157 170 209 173 1.9 ± 0.1 0.7 11.2 15.3 12.1 16.0 41 ± 11 43 16 16 28 14
10 16 ± 5 23 27 12 11 33 1.1 ± 0.2 11.1 4.1 1.9 9.1 4.0 21 ± 9 3 7 8 4 9

Ambient

Hollow 30 17 ± 6 9 78 52 100 122 0.8 ± 0.2 1.2 7.8 8.5 8.8 13.9 44 ± 32 7 13 7 10 8

10 -- 8 6 4 4 9 -- 1.7 0.7 1.4 1.7 1.8 -- 24 9 3 6 10
30 -- 15 7 63 99 17 -- 3.0 1.3 6.8 20.7 2.9 -- 5 9 9 5 6Hummock
60 -- 30 19 54 492 165 -- 3.2 1.9 2.5 46.0 15.4 -- 9 9 20 11 11
10 -- 38 18 44 207 8 -- 11.4 2.8 3.9 33.4 4.4 -- 3 6 11 5 3

2016

Elevated

Hollow 30 -- 25 30 44 428 97 -- 5.8 7.1 3.0 40.3 7.4 -- 5 4 16 10 14

10 8 ± 5 2 5 10 7 10 1.0 ± 0.7 0.3 0.6 1.7 6.0 2.9 9 ± 2 8 7 6 6 3
30 14 ± 2 23 20 98 19 34 1.0 ± 0.3 1.4 1.9 22.7 4.6 2.2 31 ± 9 17 18 6 18 22Hummock
60 66 ± 21 17 156 217 273 288 1.4 ± 0.0 0.5 9.7 21.0 14.4 41.8 110 ± 99 42 42 17 30 16
10 14 ± 4 9 16 20 14 25 0.7 ± 0.0 1.1 1.5 2.6 6.9 7.8 22 ± 5 23 11 8 18 4

Ambient

Hollow 30 15 ± 4 9 64 75 127 136 0.5 ± 0.2 0.5 7.1 11.8 4.8 17.7 37 ± 15 19 13 16 20 12

10 -- 3 6 8 8 9 -- 0.5 0.8 2.7 1.8 1.3 -- 8 8 3 9 11
30 -- 30 10 31 142 49 -- 7.7 0.8 2.1 23.1 5.2 -- 4 11 16 6 10Hummock
60 -- 23 20 85 577 281 -- 2.5 2.1 4.9 60.3 23.6 -- 36 8 14 9 12
10 -- 22 13 25 191 7 -- 7.6 2.1 2.3 33.1 0.6 -- 3 10 10 5 15

2017

Elevated

Hollow 30 -- 20 20 33 484 110 -- 5.9 2.7 1.5 47.5 4.8 -- 5 8 20 10 23
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10 6 ± 3 6 13 16 69 330 1.4 ± 0.8 0.7 6.0 9.1 34.7 78.0 6 ± 0 9 2 2 2 4
30 13 ± 0 17 21 35 85 259 1.8 ± 1.8 0.7 8.3 9.8 41.5 30.0 16 ± 16 28 3 4 3 8Hummock
60 63 ± 33 19 159 181 290 409 2.9 ± 2.3 0.6 14.0 14.6 18.0 42.7 24 ± 8 31 13 15 32 14
10 18 ± 0 9 39 16 108 414 2.1 ± 1.3 2.7 10.7 5.3 33.5 75.6 11 ± 6 3 5 5 3 6

Ambient

Hollow 30 9 ± 3 6 118 67 152 501 1.7 ± 0.1 0.6 5.4 9.9 14.7 73.2 9 ± 4 10 21 8 16 7

10 -- 6 6 61 23 14 -- 10.3 0.8 25.1 33.4 3.2 -- 1 8 2 1 3
30 -- 45 10 49 243 36 -- 16.5 1.8 6.7 51.3 5.3 -- 3 5 8 5 7Hummock
60 -- 44 21 109 501 286 -- 8.8 1.8 4.6 72.9 13.9 -- 5 11 19 7 22
10 -- 19 28 113 367 14 -- 17.0 14.9 20.0 85.9 2.2 -- 1 2 7 4 7

2018

Elevated

Hollow 30 -- 35 24 53 411 104 -- 17.0 8.4 7.6 66.9 2.9 -- 2 4 12 7 34

716 Notes: We sampled the SPRUCE experimental plots in 2013, but do not include the annual totals here. We sampled only three months 

717 in the summer, directly after installation in June 2013, and we expected some disturbance associated with access-tube installation 

718 along with a shortened collection timeframe that precluded a full assessment of annual nutrient accumulation. Note that ‘cm2’ was the 

719 surface area of the half of the resin capsule that was in contact with the surrounding peat (i.e., Figure S1f). Where an ‘A’ or ‘B’ sub-

720 replicate sample was (rarely) missing or lost at a given sampling date, we inserted the value for the other sub-replicate in order to 

721 calculate an annual sum; data for each year, depth, and topographic position are averaged across the annual accumulated resin-

722 available nutrients at the A and B location in each enclosure. Note that the NH4-N and PO4-P cumulative annual data can also be 

723 found in Figure 3, but given the wide range across orders of magnitude of the data, we also include the data here. We also include the 

724 data from the ambient plots (i.e., ‘Amb.’, plots without an enclosure that receive no warming or elevated [CO2]); ambient data for each 

725 year, depth, and topographic position are averaged across the annual accumulated resin-available nutrients at the A and B location in 

726 each of two ambient plots, which were then averaged ± 1 SD. 

727
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Figures

Figure 1 A pictogram of the layout of the SPRUCE experimental enclosures and their associated 

treatments. The SPRUCE experimental enclosures were warmed above- and belowground in a 

regression design spanning +0°C to +9°C; half of the enclosures also received +500 ppm CO2 

(highlighted in this pictogram with green octagons). There are also two fully-instrumented 

ambient reference plots without enclosures. Resin-access tubes were installed at multiple depths 

at two locations (A and B) in each enclosure or ambient plot in paired hummock-hollow 

microtopography at each location (see inset diagram). SPRUCE site pictogram courtesy of Brett 

Hopwood, ORNL Graphics, as in Seay (2018). 
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Figure 2 Linear mixed-effects model beta coefficients and their 95% confidence intervals. The 

coefficients correspond to the factors in the final linear mixed-effect models for the effects of 

warming, microtopography and depth (as ‘topodepth’, which treats each microtopographic 

position and depth as discrete locations), and year, and the interactive effects of warming × 

topodepth and warming × year on resin-available NH4-N, PO4-P and the ratio of NH4-N to PO4-P 

(see Supplementary Statistical Methods for selection of final models). The beta coefficients for 

warming, year, and topodepth were added for reference but cannot be interpreted in isolation 

because of significant interactions. For each factor and interaction, the beta coefficients represent 

the difference between a baseline (alphabetically or numerically the first level) and the other 

levels of each factor or interactions. For example, for years, the baseline is the year 2014 and for 

topodepth, the baseline is Ho10 (‘hollow, 10 cm peat depth’). The final model was different for 

the N/P ratio, as it included an additional topodepth × year interaction term; the full range of beta 

coefficients for all of the interactions in the N/P ratio model are included in Figure S2. Asterisks 

indicate level of significance at P < 0.001***; P < 0.01** and P < 0.05*.
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Figure 3 Annual, cumulative NH4-N or PO4-P adsorbed to ion-exchange resins regressed against 

annual average peat temperature at a depth closest to the depth of resin incubation. The panels 

represent multiple peat depths in hummock and hollow microtopography, and the observations 

span a gradient of whole-ecosystem warming and warming combined with elevated [CO2]. Each 

data point is one enclosure, in years 2014 to 2018. Closed symbols are ambient [CO2] while open 

symbols are elevated [CO2]; all data shown were included in log-linear regressions. More intense 

colors correspond with more recent years. The full range of colors and symbols are listed here; 

henceforth figure legends include colors for 2018 only. Letter insets correspond to depth of resin 

incubation (a, b, and c are 10, 30, and 60-cm depths in hummocks and d and e are 10 and 30-cm 

depths in hollows, respectively, see inset in Figure 1). Asterisks indicate level of significance 

corresponding to log-linear regression at P < 0.001***; P < 0.01** and P < 0.05*, and R2 is the 

adjusted R2 of NH4-N regression (upper right of each panel) or PO4-P regression (lower right of 

each panel); note the log-scale of the y-axis. See Table S4 for regression parameters (predicted 

resin-available nutrients were back-transformed for the purposes of the lines presented in this 

figure). 
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Figure 4 ELM-SPRUCE model prediction of net N mineralization and net P mineralization 

(inset). Each data point is one SPRUCE enclosure, in years 2016 to 2018. More intense colors 

correspond with more recent years (see full year-color array in Figure 3); closed symbols are 

ambient [CO2] while open symbols are elevated [CO2]. Letter insets correspond to depth of resin 

incubation (a, b, and c are 10, 30, and 60-cm depths in hummocks and d and e are 10 and 30-cm 

depths in hollows, see inset in Figure 1). Note that model output data are in units of g nutrient 

per unit soil volume per year; also note the differences in the y-axis for the net P mineralization 

figures, as model-predicted net P mineralization was quite low at some peat depths.
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Figure 5 Relationship between Sphagnum moss N and P requirements and annual cumulative 

resin-available NH4-N and PO4-P. Declining Sphagnum N and P requirement with warming from 

2016 to 2018 (see Figure S3) could have been a causal factor in the large increases in resin-

available NH4-N and PO4-P at 10-cm peat depth in more recent years in both hummocks and 

hollows (hummock microtopography is designated with black circle outline in both panels; note 

differences in y-axes between NH4-N and PO4-P). Cumulative annual nutrient predictions were 

back-transformed to fit to data on graph; R2 shown are adjusted R2. More intense colors represent 

more recent years (see full year-color array in Figure 3); closed symbols are ambient [CO2] while 

open symbols are elevated [CO2]. Note that the x-axis is plotted from greatest to least Sphagnum 

N and P requirement to highlight the relationship between declining Sphagnum nutrient 

requirement and increasing resin-available N and P. The log-linear relationships between log-

transformed cumulative annual NH4-N and PO4-P and Sphagnum N or P requirement over the 

years 2016 – 2018 were as follows: log10(NH4-N) = -0.32*** (± 0.07 SE) × Sphagnum Nreq + 

1.56*** (± 0.10 SE) and log10(PO4-P) = -2.46* (± 1.04 SE) × Sphagnum Preq + 0.86*** (± 0.14 

SE), respectively (asterisks indicate level of significance for intercept and slope, where * is P < 

0.05 and *** is P < 0.0001).
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Figure 6 Temperature response functions for NH4-N for approximately 28-day resin collections 

in 2018. Grey text indicates parameters from a significant Q10 response function ± 1 SE (P ≤ 

0.05), where R12 is the baseline amount of NH4-N available at 12°C ± 1 SE, n is the number of 

observations from monthly NH4-N accumulation on resins sampled for ~28 days across all 

enclosures over 9 sampling periods in 2018 for A and B subplots within each enclosure, and R2 

is the adjusted R2. Peat temperature at depth was the average temperature at the depth at which 

the resin was incubated (see Table S2) during the incubation period. PO4-P data from 2018 only 

are in Figure S4 and all resin-available nutrient data for both NH4-N and PO4-P from 2014 to 

2018 are in Figures S5 and S6, respectively, and have been appended to Iversen and others 

(2017, data citation). Closed symbols are ambient [CO2] while open symbols are elevated [CO2]. 

Letter insets correspond to depth of resin incubation (a, b, and c are 10, 30, and 60-cm depths in 

hummocks and d and e are 10 and 30-cm depths in hollows, see inset in Figure 1).
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Figure 7. The relationship between resin-available PO4-P and NH4-N (i.e., the N/P ratio) across 

SPRUCE experimental treatments. The data span all enclosures, sub-replicates, peat depths, and 

sampling dates from 2014 to 2018, standardized to a 28-day sampling interval; the dashed lines 

are the 1:1 line. Given the log scale, any NH4-N and PO4-P observations that were determined to 

be ‘0’ after blank correction are not shown. More intense colors represent more recent years (see 

full year-color array in Figure 3); closed symbols are ambient [CO2] while open symbols are 

elevated [CO2] (note that the color scheme has been used previously for NH4-N data only, but we 

also use here for the N/P ratio to avoid introducing yet another color array). Letter insets 

correspond to depth of resin incubation (a, b, and c are 10, 30, and 60-cm depths in hummocks 

and d and e are 10 and 30-cm depths in hollows, respectively, see inset in Figure 1).
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Figure 8. Comparisons of resin-available NH4-N with inorganic, organic, and total N 

concentrations in porewater. Data span 2015 – 2018, at 10 cm or 30 cm depth in the hollows 

only, and nutrient data from discrete ~biweekly porewater collections were averaged within the 

dates of the ~monthly resin incubations. More intense colors represent more recent years (see 

full year-color array in Figure 3); closed symbols are ambient [CO2] while open symbols are 

elevated [CO2]. For the purposes of this analysis, we focused on the porewater nutrient 

concentrations at 0-10 cm and 30-40 cm piezometer depths to facilitate direct comparison with 

ion-exchange resins incubated at those depths in adjacent hollows (i.e., from only one, adjacent 

resin array per enclosure). Note that the units for porewater nutrients are g nutrient per L of 

porewater, while the units for resin-available nutrients have been standardized to the resin 

surface area. Comparisons of resin-available PO4-P with porewater P concentrations are in 

Figure S7. 
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Figure 8


