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​Rapid tundra root response​

​Abstract​

​The majority of plant biomass is located belowground in Arctic ecosystems and plant roots are​

​responsible for the uptake of the nutrients that constrain plant growth in these infertile ecosystems.​

​Despite performing a crucial role connecting primary producers to the soil, roots are relatively​

​understudied in the Arctic and their functional response to a rapidly warming and increasingly variable​

​climate is unknown. We assessed whether one growing season with elevated temperatures would have an​

​impact on nutrient uptake and allocation by applying a warming technique that increased daily air​

​temperatures by 3.2°C. Destructive sampling was performed at the peak of the growing season to quantify​

​biomass pools of carbon (C) and nitrogen (N), root traits, and uptake of a​​15​​N tracer (​​15​​NH​​4​
​+​​) for the​

​dominant plant species,​​Arctagrostis latifolia​​. We​​found that soil nutrient availability increased with​

​short-term warming but​​A. latifolia​​NH​​4​
​+​​uptake remained​​unchanged. Fine root length density and root​

​biomass within the soil profile, however, were both reduced by warming. N allocation patterns across​

​plant tissues were also altered by warming. NH​​4​
​+​​uptake​​was best fit with a logistic model that captured​

​the spatial relationship between roots and soil (NH​​4​
​+​​uptake expressed per length fine root and NH​​4​

​+​

​availability expressed per unit soil volume) rather than a traditional Michaelis-Menten model. Our results​

​indicate that short-term experimental warming can shift plant-soil interactions, suggesting that the​

​tundra’s belowground response to elevated temperatures may be more dynamic than previously​

​recognized.​

​Manuscript Highlights​

​●​ ​Short-term warming enhanced soil nutrients and reduced plant roots​

​●​ ​Plant allocation of N across tissues was increased by short-term warming​

​●​ ​In-situ nutrient uptake is not captured well by the Michaelis-Menten model​
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​Rapid tundra root response​

​Introduction​

​Climate change has already begun to have profound effects on arctic ecosystems. Arctic regions have​

​warmed by 3.1°C since the 1970s, roughly four times faster than lower latitude ecosystems (AMAP 2021;​

​Rantanen and others 2022). The frequency and geographic extent of arctic heat waves have also increased​

​since 2002 (Dobricic and others 2020). In the coming decades, mean annual temperature (MAT) in the​

​Arctic is expected to increase by an additional 4 °C compared with 1981-2005 baseline temperatures​

​(RCP 4.5 & 8.5; Overland​​et al.​​, 2014; Post​​et al.​​,​​2019), and the hot extremes are expected in increase in​

​both frequency and duration (Screen and others 2015). Recent observations support these trends: 2023​

​was the warmest arctic summer on record since 1900, and eight of the years recording the warmest arctic​

​MAT have all occurred since 2016 (Ballinger and others 2023). The impacts of such rapid climate change​

​on arctic ecosystems are complex and interconnected, requiring an arsenal of ecological tools to parse.​

​Manipulative field experiments have proven to be an important inferential tool for identifying critical​

​mechanisms behind changes in the structure and function of arctic ecosystems. Long-term manipulative​

​experiments have identified shifts in plant community composition in response to higher air temperatures​

​(Elmendorf and others 2012), changes in plant and soil interactions in response to fertilization (Van Wijk​

​and others 2003), and reduced storage of C in permafrost soils in response to elevated soil temperatures​

​(Hicks Pries and others 2016). Due to the remote nature of field sites, energy-intensive warming​

​experiments have been challenging to implement in the Arctic. Many have been implemented using​

​open-top chambers or greenhouses (van Gestel and others 2019). Such passive-warming chambers,​

​however, elevate air temperatures by only about 2°C (Chapin and others 1995; Sistla and others 2013;​

​Hollister and others 2023) and have little impact on soil temperatures (Marion and others 1997).​

​Long-term manipulative experiments that increase belowground temperatures present their own logistical​

​challenges. Warmed tundra soils often thaw, subside, and collect water – no longer reflecting the​

​landscape-scale hydrological response to warming (Rodenhizer and others 2023). Whether warming​

​treatments impact above- or belowground temperatures, there are usually infrequent opportunities for​

​destructive sampling in any long-term manipulative plots which can limit inference into belowground​

​dynamics. Understanding the timing, magnitude, and mechanistic nature of plant-soil interactions and​

​their response to warming is therefore a unique challenge in arctic ecosystems. Though short-term, high​

​temperature warming experiments cannot yield insight into long-term responses of tundra vegetation and​

​soils, they can inform our understanding of how quickly arctic plant-soil interactions respond to changes​

​in temperature and the short duration of these experiments allows for the extensive destructive harvests​

​necessary to characterize belowground responses.​

​Studying belowground dynamics in arctic ecosystems provides critical insights into the function,​

​resilience, and responses of these unique and vulnerable environments to environmental change. Arctic​
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​Rapid tundra root response​

​plants allocate a majority of their biomass belowground (Iversen and others 2015), and 93% of their roots​

​are located in the top 30 cm of the soil profile (Jackson and others 1996) so even shallow soil warming​

​could dramatically alter plant access to nutrients and plant C sequestration. The pace at which​

​aboveground processes respond to warming versus belowground processes will determine plant N​

​demand and potential allocation to roots. Meta-analyses of existing long-term, high-latitude warming​

​experiments have generally shown progressive ecosystem responses to moderate increases in temperature:​

​plant phenology is impacted first, then plant productivity accelerates, and finally soil N availability​

​increases in these typically nutrient-limited ecosystems (Arft and others 1999; Rustad and others 2001;​

​Aerts and others 2006). It is largely unknown whether responses to warming of greater magnitude will​

​follow this same, plant-driven trajectory or how quickly belowground interactions between plants and​

​soils might be impacted by extreme heat. The direct impacts of a warming and more variable climate on​

​soil decomposition and nutrient cycling are highly relevant in the Arctic because access to N and​

​phosphorus (P) can limit plant productivity as well as decomposition by the soil microbial community​

​(Chapin 1978; Ulrich and Gersper 1978; Shaver and Chapin 1980; Shaver and others 1986; Chapin and​

​Shaver 1996; Nadelhoffer and others 2002; Mack and others 2004). Understanding changing rhizosphere​

​nutrient dynamics is therefore critical for predicting the future function of tundra ecosystems. Current​

​model representations of plant access to soil nutrients often rely on kinetic parameters of​

​enzyme-catalyzed reactions (Kuzyakov and Xu 2013), though representation of competition between​

​plants and microbes varies widely across models (Zhu and others 2017). In arctic ecosystems specifically,​

​Zhu​​et al.​​(2016) demonstrated that modeled plant​​uptake of N is sensitive to competition with soil​

​microbes over available N. Little is known, however, about how quickly elevated temperatures alter soil​

​N availability and plant uptake.​

​To address critical knowledge gaps around arctic N cycling and the impact of short-term, high​

​temperature warming, we deployed a zero-power warming treatment that substantially elevates growing​

​season air temperatures relative to ambient air temperatures (Lewin and others 2017), with subsequent​

​impacts on surface soil temperatures. The zero-power warming chambers have internal and external heat​

​exchangers coupled with pistons that open and close chamber vents to maintain a set temperature​

​differential. When the interior of the chamber is warmer than the exterior of the chamber, the pistons force​

​open the vents and the chamber cools. Similarly, if the interior of the chamber is too cool, the piston close​

​the vents and the chamber temperature rises. This approach allows application of a strong warming​

​treatment without the need for electrical power or risk of overheating.​

​The warming treatment was applied for a full arctic growing season, and the responses of soil nutrient​

​availability as well as biomass and N uptake of a common arctic grass species (​​Arctagrostis latifolia)​

​were quantified. The study species​​A. latifolia​​is​​a common arctic grass that thrives in mesic, disturbed​
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​Rapid tundra root response​

​sites (McKendrick and others 1978; Ebersole 1987). It is a typical species in several wetland and​

​graminoid tundra communities that together make up 22% of the non-glaciated area of the Arctic (Walker​

​et al.​​, 2005; CAVM 2024 data citation). The availability​​of N and P colimit vegetation at our study site in​

​Utqiaġvik, AK (Chapin III and others 1975; Ulrich and Gersper 1978). We decided to focus on N rather​

​than P cycling because of its relevance for a broader number of nutrient-enabled earth system models​

​(Davies-Barnard and others 2020) as well as the ability to use a stable isotope tracer (​​15​​N-NH​​4​​). We​

​consider NH​​4​
​+​​a proxy for N cycling broadly due to​​rapid mineral N turnover playing an important role in​

​low nutrient tundra systems (Ramm and others 2022) and the relative rarity of NO​​3​ ​in these soils (Norby​

​and others 2018). Based on the warming responses of previous, milder, arctic warming experiments, we​

​hypothesized the following three responses to short-term warming:​

​(H1) Short-term warming will have a limited impact on the availability of nutrients in the soil profile.​

​(H2) Low nutrient availability will restrict warming-induced increases in​​A. latifolia​​biomass.​

​(H3)​​A. latifolia​​will shift toward more acquisitive​​root traits to enable faster rates of N uptake from​

​the soil.​

​Data from this experiment will address these hypotheses and will be used to investigate whether​

​standard methods of describing uptake kinetics in models capture the relationship between root traits,​

​nutrient uptake, and nutrient availability in this tundra ecosystem.​

​Materials & Methods​

​Site description​

​Research was conducted at the Barrow Environmental Observatory (BEO), near the town of​

​Utqiaġvik, Alaska (71’17°N, 156’47 °W). This site is underlain by continuous permafrost and has a mean​

​annual air temperature of -9.87°C and mean annual precipitation of 135 mm (1990-2020, NOAA 2018​

​data citation). The vegetation is broadly characterized as a graminoid and moss-dominated wetland​

​(Raynolds and others 2005). The underlying nutrient-poor, Gelisol soils mean plant growth is generally​

​limited by nutrient availability (Chapin and others 1975). Thawed lake basins and polygonal tundra are​

​common landscape features at the BEO and soils are organic-rich and impacted by cryoturbation (Hinkel​

​and others 2003).​

​Experimental design​

​On 16 June 2018, while the tundra was still snow-covered and average daily air temperatures​

​were below freezing, five zero power warming (ZPW) chambers were deployed (prototype described in​
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​Rapid tundra root response​

​Lewin​​et al.​​, 2017). The chambers covered a 2.4 m × 2.4 m area of ground and were 1.4 m tall. Locations​

​for ambient plots and chamber deployment in 2018 were chosen during the 2017 growing season. Paired​

​warmed and ambient plots were chosen to encompass similar microtopography, hydrology, and cover of​

​A. latifolia​​. Each set of paired plots were separated​​from other replicate pairs by at least 16 m. ZPW​

​chambers were removed at the end of the growth season before the ground froze (24 September 2018).​

​Environmental conditions​

​For the 100-day period when chambers were deployed, air temperature 50 cm above the canopy​

​was continuously logged in each chamber and at one centrally located meteorological station outside the​

​chambers (Campbell Scientific, 083E-L Met One Temperature/RH Sensor with Solar radiation shield).​

​Soil temperature was logged continuously at 10 cm depth within the five chambers and five paired​

​ambient plots (Campbell Scientific,109SS-L). Owing to technical difficulties, only 2 pairs of soil​

​temperature sensors were fully functional through 11 July (DOY 192), then 4 pairs of sensors reported​

​data for the remainder of the season. Soil volumetric water content (VWC) was measured at 5 cm depth​

​and data were processed with standardized equations for peat soil (Decagon GS3). Continuous​

​measurements of soil temperature, air temperature, and VWC were logged once a minute and averaged​

​daily.​

​Harvests for natural abundance​

​On 20 July 2018 (DOY 201), 9 cm × 9 cm areas of​​A.​​latifolia​​were harvested at one location in​

​each warmed plot and paired ‘ambient’ plot for determination of biomass pools and natural abundance of​
​15​​N. Harvest locations were randomly selected within​​the plots. A serrated knife was used to cut to the​

​bottom of the organic layer (approximately 10 cm). To sample roots and soils beneath the organic layer, a​

​5-cm diameter soil core was collected from within the footprint of the harvested organic layer. Soil cores​

​spanned the bottom of the organic horizon to frozen ground. Immediately following collection, soil cores​

​were separated into 5-cm depth intervals and each depth interval was split vertically in half. One half was​

​set aside for assessing soil properties and one half was set aside for removal of fine roots (< 2 mm​

​diameter). Organic horizon samples were stored in a dark refrigerator and​​A. latifolia​​biomass was​

​separated from organic soils and sorted by tissue type (attached litter, blades, sheaths, inflorescences,​

​rhizomes, new tillers, fine roots). New tillers were white, immature buds that lacked green leaves and are​

​analogous to “V​​O​​” tillers as classified by Shaver​​et al.​​(1986).​​A. latifolia​​tissues were separated​​from​

​organic soils within 48 hours of collection and were dried at 65°C for 24 hours. All soil samples were​

​frozen the day they were collected and were shipped to ORNL for further processing.​
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​Rapid tundra root response​

​15​​N-NH​​4​
​+​ ​label, incubation, and harvest​

​At two replicate locations within each plot, a trace amount of​​15​​N labeled ammonium was​

​introduced to the soil as a​​15​​N-NH​​4​​Cl solution (2.4​​mmol​​15​​N-NH​​4​​Cl L​​-1​​; Sigma Aldrich >= 98 atom%​
​15​​N, Lot # MBBC2459) on 21 July 2018 (DOY 202). We​​chose to label NH​​4​

​+​ ​for this experiment for​

​several reasons. Tundra graminoids tend to rely heavily on organic nitrogen sources due to the slow​

​decomposition in this ecosystem (Chapin and others 1993; Schimel and others 2004) but tracing direct​

​uptake rates for organic N substrates can be complicated by microbial mineralization, as microbial uptake​

​of organic N takes place within hours (Nordin and others 2004). Tundra graminoids can take up NO​​3​
​-​

​(nitrate) when it is available (Koch and others 1991), but tundra soils have a relatively small NO​​3​
​-​​pool​

​(Hansen and Elberling 2023) which would make even application and homogenization of the isotopic​

​label a challenge. We injected the​​15​​N-NH​​4​​Cl solution​​using a side-port spinal needle at 3 cm depth. Each​

​labeled area was 12 cm × 12 cm and injections were performed at gridded 3-cm intervals. At each of the​

​grid points, a 5-ml aliquot of the​​15​​N-NH​​4​​Cl solution​​was injected. Test injections of food coloring​

​showed the diffusion zone was 1.5 cm so this ensured an even application of +200 mg​​15​​N m​​-2​ ​(similar to​

​McKane​​et al.​​, 2002). After a period of 6 days, harvests​​were performed at the two replicate​​15​​N-labeled​

​areas within each plot. Plants and the surface organic layer from the inner 9 cm × 9 cm of the labeled area​

​were harvested following the protocol described above. Soil cores beneath this organic layer were​

​similarly collected following the protocol detailed for natural abundance sampling. The 6-day incubation​

​period with the​​15​​N-label was intended to allow not​​only uptake but distribution of the label throughout​

​plant tissues and is within the typical 1 to 7 day range of tundra​​15​​N isotopic label experiments (McKane​

​and others 2002; Zhu and others 2016; Hewitt and others 2019).​

​Aboveground plant traits​

​Prior to harvest, the maximum height of​​A. latifolia​​was recorded. Immediately following tissue​

​sorting, all blade tissue samples were scanned using a leaf area scanner (LI-3100, Li-Cor Biosciences,​

​Lincoln, Nebraska). After scanning, all samples were dried at 65 ⁰C for 24 hours and weighed. Specific​

​leaf area (SLA) was calculated as m​​2​ ​leaf area per​​g dry leaf mass. Leaf area index (LAI) was calculated​

​as m​​2​ ​leaf per m​​2​ ​ground.​

​Soil core processing​

​At ORNL, subsamples of soil from each depth interval were weighed, dried at 70 ⁰C for 48 hours,​

​and reweighed for determination of gravimetric water content (GWC) and bulk density. The dried​

​material was then ground and analyzed for %C and %N (Model 4010 Elemental Combustion System,​

​Costech Analytical Technologies, Valencia, CA, USA). Water-extractable pools of NH​​4​
​+​​, NO​​3​

​-​​, Total N​
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​Rapid tundra root response​

​(TN) and dissolved organic C (DOC) were measured on 10 g field-moist subsamples of soil. Briefly, soil​

​subsamples were thawed, 50 ml of nanopure water was added, and the mixture was agitated for 60 mins​

​before being vacuum extracted through Whatman GF/A filters (1.6 µm pore size). Soil extract solution​

​was frozen prior to analysis for NH​​4​
​+​​, NO​​3​

​-​ ​and PO​​4​
​-​ ​on a​​Lachat 8500 autoanalyzer (Hach Company,​

​Loveland, CO)​​. TN and DOC were measured on a TOC-L​​instrument with a TNM unit (Shimadzu,​

​Kyoto, Japan). Inorganic N fraction was calculated as the sum of dissolved NH​​4​
​+​​and NO​​3​

​-​​divided by TN.​

​Dissolved organic N (DON) was calculated as TN minus NH​​4​
​+​​and NO​​3​

​-​​.​

​Root sample processing​

​A. latifolia​​living rhizomes and fine roots (< 2 mm​​diameter) were removed from surface organic​

​horizon shortly after harvest. Deeper mineral layers sampled with a soil corer were thawed in the​

​laboratory at ORNL for fine root removal. In the field, the 5-cm diameter cores had been separated into​

​depth intervals in the field and split in half vertically. One half of each depth interval was picked for​​A.​

​latifolia​​fine roots, which were distinguished from​​other species visually based on vouchers collected in​

​the field. Though we did not measure roots from non-target species, most roots in the samples belonged to​

​the​​A. latifolia​​(​​V. Salmon​​personal observation).​​Live roots were differentiated from dead based on color​

​and elasticity. After removal from the soil, live fine roots and rhizomes were rinsed with a 0.01M CaCl​​2​

​solution for 30 seconds and then rinsed in deionized water to ensure removal of​​15​​N on the root surface.​

​After rinsing, fine roots were scanned in trays of water at 1400 dpi using a flatbed scanner and WinRhizo​

​software (Regent Instruments, Inc., Québec, Canada). Roots were carefully spread out on trays to​

​minimize overlap. After scanning, roots were dried at 70 ⁰C for 48 hours and weighed. Fine root length​

​and dry mass were used to calculate specific root length (SRL; m g​​-1​​; a trait specific to individual​​roots or​

​groups of roots) and root length density (RLD, cm root cm​​-3​ ​soil; the total length of roots throughout​​a​

​volume of soil).​

​Biomass and N uptake​

​Blades, sheaths, inflorescences, rhizomes, new tillers, and fine roots of​​A. latifolia​​were dried,​

​weighed, ground, and analyzed for​​15​​N content on an​​elemental analyzer-isotope ratio mass spectrometer​

​(EA-IRMS; Integra CN, SerCon, Crewe, UK). Tissue-specific %C and %N were also analyzed on a​

​stand-alone elemental analyzer (Costech Analytical Technologies, Inc, Valencia, CA, USA). If fine-root​

​tissue samples were too small to run for​​15​​N, %N and​​%C, they were combined with fine-root samples​

​from adjacent soil depths.​

​C and N biomass pools were calculated by multiplying dry mass of each tissue pool by C or N content​

​and dividing by the ground area harvest. Values were averaged at the plot level to test for differences​
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​Rapid tundra root response​

​between treatments (3 harvests per plot from one natural abundance harvest and two​​15​​N label harvests).​

​For calculating N uptake, pools of​​15​​N in all harvested​​tissues were examined. The atom percentage​​15​​N in​

​excess (APE, atm%) for each tissue was calculated as:​

​(eq. 1)​​𝐴𝑃𝐸​ = ​ ​​ ​​15​​𝑁​
​𝑙𝑎𝑏𝑒𝑙𝑒𝑑​−​ ​

− ​ ​​15​​𝑁​
​𝑛𝑎𝑡𝑢𝑟𝑎𝑙​​ ​​𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒​​ ​

​where​​15​​N​​labeled​ ​was atom percent​​15​​N for the tissue​​in the​​15​​N labeled harvest and​​15​​N​​natural abundance​ ​was​

​atom percent​​15​​N of the tissue from the corresponding​​natural abundance harvest.​​15​​N uptake rate (µg​​15​​N​

​m​​-2​​hr​​-1​​) during the entire incubation period was​​then calculated for each tissue as:​

​(eq. 2)​​ ​​15​​𝑁​​ ​​𝑢𝑝𝑡𝑎𝑘𝑒​
​ ​

= ​ ​​𝑇𝑖𝑠𝑠𝑢𝑒​​ ​​𝑁​​ ​​𝑥​​ ​ ​𝐴𝑃𝐸​​ ​
​100​ ​ ​​𝑥​​ ​ ​1​

​𝑡​

​where Tissue N represents tissue-specific biomass pools of N (µg N m​​-2​​), and t was the incubation​

​time in hours.​​15​​N uptake reflects only the rate of​​uptake for the labeled form of NH​​4​
​+​​from the soil​

​solution​​and is influenced by the dilution by the​​total available NH​​4​
​+​​pool in the soil. We therefore​

​calculated overall ammonium uptake (herein referred to as NH​​4​
​+​​uptake, µg N m​​-2​ ​hr​​-1​​) rate based on the​

​following isotope mixing model (McKane and others 2002; Gallet-Budynek and others 2009):​

​(eq. 3)​​ ​​ ​​𝑁𝐻​​4​​ ​​𝑢𝑝𝑡𝑎𝑘𝑒​
​ ​

= ​ ​​ ​​15​​𝑁​​ ​​𝑢𝑝𝑡𝑎𝑘𝑒​​ ​​𝑥​​ ​
​𝐶​

​𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒​​ ​​𝑁​

​𝐶​
​15​​𝑁​​ ​​𝑙𝑎𝑏𝑒𝑙​

​where C​​available N​ ​was the pool of water-extractable​​NH​​4​
​+​ ​in the diffusion zone where the​​15​​N label was​

​introduced (mg N m​​-2​​). C​​available N​ ​was calculated​​based on the 1.5 cm diffusion radius, bulk density, and​

​extractable NH​​4​
​+​ ​pool of the surface organic soil.​​C​​15N label​ ​was the amount of​​15​​N introduced to the​

​diffusion zone.​

​NH​​4​
​+​​uptake rates were calculated per g plant N (µg​​N g​​-1​ ​N hr​​-1​​) and as percent recovery of the​

​introduced​​15​​N label. Both metrics of N uptake were​​analyzed at the plot-level based on averages from the​

​two replicate​​15​​N labels per plot.​

​Nutrient availability throughout the growing season​

​Mixed bed exchange resins bags were used to assess availability of inorganic N and P in surface​

​soils throughout the entire ZPW chamber deployment period. This measurement was pursued to see if a​

​time-integrated metric of nutrient availability differed from soil-extractable nutrients sampled during​

​harvests conducted at the peak of the growing season. Resin bags were constructed with IONAC NM-60​

​H+/OH- Form, Type 1, Beads (16-50 Mesh, JT Baker #4631-01). Each bag contained 10 g of wet resin​
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​Rapid tundra root response​

​material within acid-washed nude pantyhose. Four resins were deployed per plot in July 2018 at 10 cm​

​depth. Resins in warmed plots were deployed 9 July 2018 while resins in ambient plots deployed 14 July​

​2018 because of slower soil thaw. All resins were collected on 26 September 2018 and were shipped to​

​ORNL. In the lab, resins were air-dried and then sequentially extracted 3× with fresh, 15-ml aliquots of 2​

​M KCl. Sequential extracts were then combined and frozen prior to analysis​​for​​NH​​4​
​+​​, NO​​3​

​-​​, and PO​​4​
​-​ ​on a​

​Lachat 8500 autoanalyzer.​​Final blank-corrected resin​​extracts were expressed µg N g dry resin​​-1​ ​and µg​​P​

​g dry resin​​-1​​. Resins in warmed plots were deployed​​for 6 more days than ambient plots but do not​

​represent resin-bound N and P on a per day basis because the accumulation of nutrients on resins is not​

​linear in tundra ecosystems (Giblin and others 1994) and the deployment period reflects the impact of​

​warming on the length of the belowground growing season.​

​Statistical analysis​

​All statistics and graphing were performed in R (R Core team, version 4.0.0;​​tidyverse​​,​​ggplot2​​). The​

​impact of warming on environmental variables and aboveground plant traits (SLA, LAI, height) was​

​assessed using paired t-tests performed on average values for each plot (​​n​​= 5).​

​The impact of the warming on C and N in tissue-specific biomass pools was tested using a two-way​

​analysis of variance with tissue type and treatment as discrete effects. Data from three sub-replicate​

​harvests were averaged at the plot level prior to model fitting (one natural abundance harvest and two​​15​​N​

​label harvests). Data were transformed (log, exponential, square root, or inverse) to improve normality​

​according to a Shapiro-Wilk normality test. The impact of warming on NH​​4​
​+​​uptake was similarly​

​analyzed though there were only two sub-replicate harvests averaged for the plot-level data on which the​

​model was run. For plot-level averages of soil extracts and root traits, we fit a model that included both​

​treatment and depth interval as discrete variables. The impact of warming on resin-bound N and P pools,​

​total plant biomass pools, and total plant uptake of NH​​4​
​+​ ​was assessed using a one-way analysis of​

​variance.​

​A high degree of variation was observed for NH​​4​
​+​​uptake,​​extractable soil nutrients, and fine-root​

​traits across the warming and ambient plots. To determine whether there were consistent relationships​

​among these belowground observations, we performed a principle components analysis on plot-averaged​

​observations of extractable TN, extractable P, NH​​4​
​+​​uptake, fine root SRL, fine root biomass, fine root​

​length density, soil temperature and air temperature.​

​To relate our findings to kinetic parameters of nutrient uptake commonly used in biogeochemical​

​models, we examined NH​​4​
​+​​uptake versus the observed​​levels of NH​​4​

​+​ ​in surface soils. This analysis was​

​performed on data from individual​​15​​N subplot harvests​​(n=2 per plot) rather than at the plot-level to​

​better capture the variability across the range of the observations and maintain a close spatial relationship​
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​Rapid tundra root response​

​between nutrient uptake and soil nutrient availability. Because this deviates from our plot-based​

​experimental design, we did not test treatment differences in the kinetic models. We instead view the​

​conditions imposed by the treatments as a means for expanding the axes of variation captured in our data.​

​Initially, we fit a Michaelis-Menten (MM) curve to uptake data. Uptake was expressed in µM g​​-1​ ​fine​​root​

​hr​​-1​ ​and availability was expressed as NH​​4​
​+​ ​concentration​​of the soil solution (µM; Kuzyakov and Xu​

​2013). NH​​4​
​+​ ​availability was calculated based on soil​​extract concentrations, bulk density, and GWC.​

​Uptake rates used the fine roots found in the 0-10 cm horizon because this was the depth interval in which​

​the​​15​​N label was applied. The MM model fit was extremely​​weak, so we explored transforming the data​

​to alternate units and found a strong relationship between NH​​4​
​+​ ​uptake per length fine root (again from​

​0-10 cm horizon) and NH​​4​
​+​ ​availability per cm​​3​ ​of​​soil. A logistic model was fit to this data. We reported​

​both MM and logistic model fits with 95% confidence intervals for parameters based on bootstrapping​

​(1000 iterations).​

​Results​

​Warming increased air temperatures most in early growing season​

​ZPW chambers were deployed for the 2018 growing season (16 June 2018 – 24 September 2018).​

​The growing season was defined based on ambient conditions at the site and reflects historic patterns of​

​aboveground plant productivity. During the growing season deployment period, the chambers increased​

​daily air temperatures by an average of 3.2°C (Figure 1a,​​p​​< 0.0001). The impact of the ZPW on daily​

​average air temperatures ranged from -0.1°C to 12.1°C (standard deviation 2.4°C, standard error of 0.1°C)​

​across the entire deployment period. Mean air temperatures in the ambient plots were 3.3°C (± 0.2°C​

​standard error) while mean air temperatures in the ZPW chambers were 6.5°C (± 0.2°C standard error).​

​There was a seasonal pattern in the impact of the ZPW on air temperature: early in the growing season​

​when solar energy input was the greatest, the ZPW chambers increased air temperatures more than they​

​did at the end of the growing season. In June, air temperatures were elevated by 6.9°C, but in September​

​air temperatures were elevated by only 1.6°C, potentially due to changing sun angles during the Arctic​

​growing season. From the start of the ZPW chamber deployment (16 June 2018, DOY 167) through to the​

​application of the​​15​​N label (21 July 2018, DOY 202),​​the average air temperature in ZPW chambers was​

​increased by 5.4°C. In all months of the growing season, the change in air temperature from ZPW was​

​significantly greater than zero (​​p​​< 0.0001).​

​Soil temperatures at 10 cm were only slightly impacted by warming treatment in the latter half of​

​the growing season and exhibited a high degree of heterogeneity throughout the summer (Figure 1b). The​

​average difference in daily soil temperature throughout the deployment period tended to be higher than​

​zero (0.5°C,​​p​​= 0.10). On a month-by-month basis,​​we saw that the change in soil temperature in warmed​
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​Rapid tundra root response​

​plots was not significantly greater than zero in June and July, potentially because of lower data​

​availability during this period. In August and September, soil temperature at 10 cm was 0.5°C and 0.6°C​

​higher in warmed plots (​​p​​= 0.10 and​​p​​= 0.05 respectively).​​Prior to the application of the​​15​​N label, the​

​warming increased the average soil temperature by 0.6°C (​​p​​= 0.13). There was notable periodicity seen​

​in the soil temperature offsets associated with the ZPW chambers (Figure 1b) which could be due to warm​

​rain events impacting ambient plots. Soil VWC was variable because of differences in plot topography​

​but was not significantly impacted by the warming treatment despite the ZPW’s interception of incoming​

​summer precipitation (not shown). At this site, the shallow water table is perched on permafrost and​

​lateral flow into and out of the plots ensured the warmed plots were hydrologically connected to the​

​surrounding landscape (Lewin​​et al.​​, 2017).​

​Nutrient availability increased with warming​

​Soil nutrient availability increased significantly with summer warming when measured using both​

​soil water extracts and resins. The three extractable N pools measured (TN, inorganic N fraction, and​

​DON) all significantly increased with warming (Figure 2a, b & c). Depth, as a discrete variable, impacted​

​TN and inorganic N fraction but not DON. The strong impact of warming in 0-10 cm soil on TN (Figure​

​2a) was driven by an increase in the inorganic N fraction in surface soils (Figure 2b) rather than DON​

​(Figure 2c). Extractable P was similarly highest in the surface soils of warmed plots (Figure 2d) and was​

​also the only extractable pool that exhibited a significant interaction between depth and warming. This​

​interaction stems from deep soils in warmed plots having lower extractable P than deep soils in ambient​

​plots. Warming also significantly elevated pools of extractable DOC (Figure 2e). The surface organic​

​horizons of warmed plots all had notably higher magnitude and variation of extractable TN, extractable P,​

​and extractable DOC compared to mineral soils (Figure 2a, 2d, and 2e).​

​Ion-exchange resins deployed throughout the growing season also showed increased soil nutrient​

​availability with warming, as they bound significantly more inorganic N and P within warmed plots​

​(Figure 3). Warming nearly tripled resin total inorganic N (TIN; Figure 3c), driven by a seven-fold​

​increase in NO​​3​
​-​​(Figure 3a). Resin P increased with​​warming (​​p​​= 0.06) and the magnitude of this​

​increase was similar in scale to that of NO​​3​
​-​​.​

​Warming increased aboveground C:N but had no impact on plant C or N pools​

​Warming had no significant effect on C in total biomass C or N pools (Table 1) but this could not​

​be attributed to low N availability (Figure 2, 3). The C:N of aboveground tissues, however, did increase​

​with warming (Table 1,​​p​​= 0.07). The change in C:N​​aboveground was driven by increases in the C:N of​

​inflorescences and new tillers in warmed plots (​​p​​= 0.01,​​p​​= 0.09 respectively). The C:N of blades​​was​
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​Rapid tundra root response​

​not impacted by warming. The higher C:N of aboveground plant biomass was caused by a non-significant​

​increase in aboveground C pools without a concurrent change in aboveground N pools (Table 1). Neither​

​SLA nor LAI were significantly impacted by warming, though the maximum height of​​A. latifolia​​was​

​greater in warmed plots by 40% or 6.5 cm (Table 2,​​p​​= 0.03).​

​Whole-plant uptake of NH​​4​
​+​​not impacted by warming​​despite altering fine-root traits​

​Whole-plant uptake of NH​​4​
​+​ ​did not increase with warming​​(Figure 4) and there was a negative warming​

​effect on several acquisitive root traits (Figure 5). Both root length per unit soil volume (root length​

​density, RLD) and biomass per unit ground area declined with soil depth and were reduced in response to​

​warming (Figure 5, a & b). The specific root length (SRL, m g​​-1​​) of fine roots increased with depth but​

​did not respond to warming (Figure 5c). Fine root C:N decreased with depth and was unresponsive to​

​warming (Figure 5d). The overall negative impact of warming on root length and mass did not impact​

​rates of whole-plant NH​​4​
​+​​uptake or recovery of the​​isotopic label (Figure 4, a & c,​​p​​= 0.46 and​​p​​=​​0.53).​

​Interestingly, when NH​​4​
​+​ ​uptake was examined per tissue​​pool, warming tended to be associated with​

​faster uptake (Figure 4b,​​p​​= 0.08) as well as higher​​recovery of the​​15​​N label (Figure 4d,​​p​​= 0.05).​

​Warming was associated with higher variation in both these metrics of NH​​4​
​+​ ​uptake which likely obscured​

​treatment effects when summed for the whole-plant response. The high degree of variation in NH​​4​
​+​

​uptake, root traits, and soil nutrient availability was explored with a principal components analysis​

​(Figure S1, Table S1). PC1 explained 41.3% of the observed variation and was highly influenced by​

​extractable TN, extractable P, and NH​​4​
​+​​uptake. PC2​​explained 29.2% of the observed variation and was​

​influenced to a greater degree by fine-root traits (SRL, biomass, and length density). Soil- and air​

​temperature were only moderately weighted in PC1 and PC2, with soil temperature being more influential​

​for PC1 and air temperature being more influential for PC2.​

​Kinetics of NH​​4​
​+​​uptake​

​Fitting a MM model to our data was not successful: NH​​4​
​+​​uptake and NH​​4​

​+​​availability did not​

​exhibit a hyperbolic shape when expressed in units commonly used for this purpose (Figure 6a). V​​max​ ​and​

​K​​m​​parameters therefore had large confidence intervals​​that crossed zero. A logistic model fit to NH​​4​
​+​

​uptake expressed per m fine root (µg N m​​-1​ ​fine root​​h​​-1​​) and water extractable NH​​4​
​+​​per unit soil volume​

​(µg N cm​​-3​ ​soil), however, fit well (Figure 6b). Bootstrapping​​the logistic model showed the rate of NH​​4​
​+​

​uptake plateaus at 0.19 µg N m​​-1​ ​h​​-1​ ​(parameter a,​​95% CI from 0.17 to 0.21) and is most efficient when​

​soil NH​​4​
​+​ ​availability is 4.12 µg N cm​​-3​ ​soil (parameter​​c, 95% CI from 3.81 to 4.42). The steepest slope​

​along the line equals 0.069 cm​​3​ ​m​​-1​ ​hr​​-1​ ​(calculated​​as​​a × (|b|/4)​​based on the derivative of the curve).​
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​Rapid tundra root response​

​Discussion​

​Our study found N and P availability in tundra surface soils increases when the ecosystem is exposed​

​to short-term warming.​​The warming treatment was applied​​using self-venting ZPW chambers that​

​elevated air temperatures by 3.2°C, much stronger than the warming associated with commonly used open​

​top chambers (1.2-1.8 C, Marion and others 1997).​​Warming decreased fine-root length and fine-root​

​biomass of​​A. latifolia​​when these traits​​were examined​​within the soil profile​​,​​but warming did not result​

​in a change to whole-plant NH​​4​
​+​ ​uptake or biomass​​C & N pools. Allocation of the isotopic label among​

​plant tissues tended to be greater with warming but exhibited a high degree of variability. Most notably,​

​our results suggest the belowground dynamics among plant C, soil N availability, and NH​​4​
​+​ ​uptake can​

​change rapidly with warming. Capturing the dynamics of in-situ nutrient uptake is best approached using​

​a logistic curve fit to NH​​4​
​+​​uptake rates expressed​​per m fine root and NH​​4​

​+​​availability expressed per​​cm​​3​

​soil volume rather than a traditional Michaelis-Menten model.​

​Tradeoffs between nutrient availability and fine roots supports allocation theory​

​In contrast with our hypothesis that short-term warming would not be sufficient to increase soil​

​nutrients (H1), both peak-season soil extracts and seasonal resins showed warming increased soil nutrient​

​availability. Extractable P pools in surface soils increased by an order of magnitude and extractable TN​

​increased by a factor of 3 with warming. The differential impact on nutrients in surface soils could be​

​attributed to warming having a greater impact on shallow soil temperatures (Lewin and others 2017). The​

​inorganic N fraction was highest in warmed surface soils, indicating increased net N mineralization. The​

​high extractable P pool in the organic horizon (0 – 10 cm) is likely from mineralization of P previously​

​bound in organic matter while deeper in the soil a greater portion of extractable P might have come from​

​mineral surfaces. Because we used water as an extract rather than a salt solution, we likely did not release​

​a large portion of mineral-sorbed P. The strong warming effect on shallow, extractable P might also reflect​

​the stimulation of both plant and microbial phosphatases. In addition to increasing N and P availability,​

​warming also altered the balance of inorganic N forms bound to resins. The increase in TIN bound to​

​resins at the end of the growing season was driven by an increase in NO​​3​
​-​​rather than NH​​4​

​+​​. Resin data​

​therefore suggest a warming-induced increase in nitrification, a process often overlooked in arctic soils​

​despite evidence of plant NO​​3​
​-​​acquisition (Liu and​​others 2018).  Soil water extracts at peak growing​

​season, in contrast, showed an increase in both forms of inorganic N. The discrepancy between warming’s​

​impact on NH​​4​
​+​ ​and NO​​3​

​-​​measured with resins versus​​soil extracts could be attributed to a late-season​

​increase in nitrification that would have impacted resin ammonium pools (collected in September) but not​

​soil-extractable pools (collected in August). Late season nitrification has been observed in other tundra​

​studies (Treat and others 2016; McLaren and others 2017). Our results support a growing body of​
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​Rapid tundra root response​

​literature suggesting that mineral N transformations are a small but dynamic part of the tundra nutrient​

​cycle (Ramm and others 2022) and demonstrates that the availability of limiting nutrients in tundra soils​

​can increase rapidly in response to warming.​

​In conjunction with the warming-induced increase in nutrient availability, the length and mass of​

​A. latifolia​​roots decreased. We hypothesized that​​A. latifolia​​roots traits would change with warming​

​(H3), but we anticipated this would involve an increase in traits associated with nutrient acquisition in​

​response to increasing plant demand for nutrients and a static N pool in the soil. Instead, we found that​

​soil nutrient availability increased while root quantity decreased and whole-plant NH​​4​
​+​ ​uptake by​​A.​

​latifolia​​remained static. This tradeoff between nutrient​​availability and​​A. latifolia​​fine roots was visible​

​in the PCA (Figure S1): PC1 captured metrics of soil nutrient availability and uptake while PC2 captured​

​root traits. Within PC1, increases in nutrient variables were associated with decreases in fine root length​

​and SRL (Table S1). Allocation theory predicts decreased allocation to fine roots when belowground​

​resources is in excess (Bloom and others 1985). This theory is supported by observations: decreased​

​allocation to fine-root productivity in response to accelerated nutrient cycling has been observed in​

​warmed temperate systems (Melillo and others 2011) and tundra plants fertilized at high levels for 7 years​

​(10 g N m​​-2​ ​y​​-1​ ​and 5 g P m​​-2​ ​y​​-1​​; Nadelhoffer​​et​​al.​​, 2002). The link between warming and decreased​​root​

​allocation is not ubiquitous, however: warming experiments across the globe tend to increase fine-root​

​production and biomass (Wang and others 2021) and similar patterns have been seen in tundra ecosystems​

​warmed for one year (Sullivan and Welker 2005). Our single-species, short-term results may indicate​

​weaker N and P limitation in Utqiaġvik relative to other tundra sites but conservative cycling of these two​

​elements has been well documented at this site (Chapin 1978; Ulrich and Gersper 1978). Alternatively,​

​our results may indicate a difference in short versus long-term plant response to altered environmental​

​conditions. This study focused on a single species rather than the belowground response of the whole​

​plant community and was limited to a single growing season. Nutrient limitation of plant productivity and​

​control over acquisitive root traits may still be important if the plant community were to shift toward​

​species over a longer warming period. Such long-term community dynamics, however, are outside the​

​scope of this experiment but do merit further investigation.​

​N allocation across tissues is sensitive to warming but highly variable​

​Our observations supported our hypothesis (H2) that biomass pools of​​A. latifolia​​would not​

​increase with a single season of warming though this response could not be attributed to nutrient​

​limitation. Our data did, however, provide insights into how N allocation across different tissue pools​

​responds to short-term warming. Tissue-specific C:N, NH​​4​
​+​​uptake, and recovery of the​​15​​N label were all​

​sensitive to warming despite these metrics exhibiting a non-significant response when the tissues were​
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​summed up for a whole-plant response. We attribute the discrepancy in the warming responses of​

​whole-plants versus tissues to the high degree of variability seen across tissue and within the warmed​

​plots. There were also notable differences in the tissue-specific warming responses of these allocation​

​metrics.​

​Warming increased the C:N of inflorescences and new tiller sprouts developing belowground. Higher C:N​

​ratios have been associated with later stages of annual tissue development due to changing allocation of C​

​versus N through time (Welker and others 2005). Because inflorescences and new tillers were actively​

​maturing at the time of our peak-season sampling, the observed increase in inflorescence and new tiller​

​C:N may be explained by warmed plots having an earlier start to the growing season. Our experiment​

​similarly had a three-day earlier onset of greenup in warmed plots (McMahon et al., 2024 dataset, Table​

​S2,​​p​​= 0.06). Arctic warming experiments have broadly​​been associated with earlier bud break, flowering​

​dates, and reproductive effort (Arft and others 1999; Klady and others 2011; Natali and others 2012).​

​Arctic warming has also been shown to increase plant height (Bjorkman and others 2018) which is​

​consistent with the increase in canopy height we observed. In contrast to biomass C:N, warming had the​

​greatest impact on tissue-specific NH​​4​
​+​​uptake and​​recovery of the​​15​​N label in rhizomes and fine roots.​

​Belowground allocation of recently acquired NH​​4​
​+​​at​​this single timepoint July could be attributed to​

​belowground productivity lagging behind aboveground productivity in tundra ecosystems (Gallois and​

​others 2025). Alternatively, rapid turnover of fine roots (McCormack and others 2015) and the tendency​

​of tundra plants to store large amounts of nutrients in rhizomes (Iversen and others 2015) could explain​

​why allocation to these tissues is more sensitive to warming. If warming conditions were to extend to​

​longer timeframes, these differences in allocation could result in change to plant N pools and demand that​

​were not visible during our short-term experiment.​

​Implications for modeling nutrient dynamics​

​Findings from this study have several implications for modeling nutrient uptake. The​

​warming-induced changes in trait tradeoffs suggest that microbial competition in the rhizosphere can have​

​an important influence on NH​​4​
​+​ ​uptake. This supports​​the findings of  Zhu​​et al.​​, (2016) who incorporated​

​competitive interactions between plant roots and microbes in their equilibrium chemistry approximation​

​(ECA) framework within the ecosystem land model (ELM). Several models, including ELM-ECA, rely​

​on empirically-derived kinetic parameters to represent plant uptake of nutrients. When we looked at the​

​relationship between NH​​4​
​+​ ​uptake and availability​​in our data, however, we found evidence that this​

​approach to parameterizing nutrient uptake should be taken cautiously. The strongest and most consistent​

​relationship in our data was found when uptake was expressed per length fine root and availability was​

​expressed per soil volume. We attribute this to the fact that the interaction between plant roots and the​
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​available nutrient pool is dependent on the spatial structure of the root-soil system. The relationship​

​between uptake and availability fell along a logistic curve rather than a MM saturating curve, which was​

​surprising because half saturation constants (K​​m​​)​​from MM curves frequently serve as the backbone for​

​mechanistic models of nutrient uptake (Hopmans and Bristow 2002; Rogers and Gibon 2009). Our​

​study’s logistic curve might differ from the MM curve because we measured nutrient uptake and​

​availability of an in-situ ecosystem rather than an aquatic plant-soil system or fungal culture (McRoy and​

​Alexander 1975; Jongbloed and others 1991). Our observations were also made over a 6-day period,​

​which means in addition to nutrient uptake, turnover of the available N pool and microbial community​

​presumably took place. In a complex soil system, it seems likely that uptake would depend on not only​

​these processes but also movement of solution through the soil via simple diffusion to the root surface​

​(McMurtrie and Näsholm 2018) or lateral flow (which we infer is important at our shallowly thawed site​

​given the warming treatments failure to decrease soil moisture). We believe the poor fit of the MM model​

​to our data also supports work by Rastetter & Shaver (1992) indicating the rate of nutrient supply might​

​be a better predictor of plant uptake than the nutrient concentration when in nutrient-limited soils. Our​

​study was based on a single species, site, and season, so further research is needed to fully understand the​

​relationship between nutrient pool sizes, turnover, and acquisition by fine roots.​

​Conclusions​

​Short-term warming was sufficient to alter biogeochemical interactions in the tundra rhizosphere​

​and the results presented here stand in contrast to what we might have expected given the results from​

​longer term, milder warming experiments in the tundra. Soil nutrient availability increased dramatically​

​within a few months of warming, but root length density and biomass across the soil profile decreased and​

​there was no impact on whole-plant uptake of NH​​4​
​+​​.​​These altered plant-soil interactions were paired with​

​significant impacts of warming on plant height and allocation of N across plant tissues. When the kinetic​

​relationship between NH​​4​
​+​ ​uptake and availability​​was examined, our in-situ nutrient uptake rates did not​

​exhibit classic Michaelis-Menten dynamics that are integral to many plant-soil models. Plant-soil​

​interactions in rapidly warming tundra ecosystems may be more sensitive to temperature than previously​

​recognized and new modeling approaches may be required to accurately predict these belowground​

​dynamics. Our results also highlight the need for more research on belowground responses to short versus​

​long term warming and the impact of species interactions on nutrient allocation and uptake.​
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​Figure Captions​

​Figure​ ​1.​ ​The​ ​impact​ ​of​ ​manipulative​ ​warming​ ​on​ ​daily​ ​soil​ ​and​ ​air​ ​temperature​ ​during​ ​the​ ​growing​
​season.​ ​Air​ ​temperature​ ​was​ ​measured​ ​in​ ​n​ ​=​ ​5​ ​ZPW​ ​chambers​ ​and​ ​at​ ​one​ ​centrally​ ​located​ ​ambient​
​weather​​station.​​Soil​​temperature​​at​​10​​cm​​depth​​in​​the​​soil​​profile​​was​​measured​​at​​n​​=​​4​​ZPW​​plots​​and​
​n​​=​​4​​ambient​​sensor​​arrays​​though​​only​​2-3​​paired​​datasets​​were​​available​​through​​11​​July​​2022​​(DOY​
​192).​ ​Average​ ​values​ ​for​ ​growing​ ​season​ ​and​ ​each​ ​month​ ​were​ ​compared​ ​to​ ​zero,​ ​and​ ​statistical​
​significance​ ​is​ ​denoted​ ​as​ ​follows:​ ​•​ ​for​ ​p​ ​<​ ​0.10,​ ​*​ ​for​ ​p​ ​<​ ​0.05,​ ​**​ ​for​ ​p​ ​<​ ​0.01.​ ​Error​ ​bars​ ​and​ ​±​
​represent​ ​standard​ ​error​ ​and​ ​the​ ​grey​ ​vertical​ ​bars​ ​represent​ ​the​ ​period​ ​when​ ​the​ ​15​​N-NH​​4​

​+​ ​label​ ​was​
​applied.​

​Figure 2. Impact of short-term warming on soil-extractable C and nutrient pools. Each point represents​
​the average extractable C, N, or P pool for a given depth interval across plots (​​n​​= 5 plots per treatment,​
​two cores averaged per plot). Error bars represent standard error. Linear models were fit with discrete​
​parameters for warming, depth, and the interaction between warming and depth. Statistically significant​
​model parameters are denoted as follows: • for​​p​​<​​0.10, * for​​p​​< 0.05, ** for​​p​​< 0.01.​

​Figure 3. Impact of warming on resin-bound N and P following a full growing season of deployment (​​n​​=​
​5 plots per treatment, four resins averaged per plot). Statistically significant model parameters denoted as​
​follows: • for​​p​​< 0.10, * for​​p​​< 0.05, ** for​​p​​< 0.01. TIN represents total inorganic N (NH​​4​

​+​ ​plus​​NO​​3​
​-​​).​

​Error bars represent standard error.​

​Figure 4. Short-term warming did not impact whole-plant NH​​4​
​+​​uptake but was associated with increased​

​allocation of N across tissue pools. Statistically significant model parameters denoted as follows: • for​​p​​<​
​0.10, * for​​p​​< 0.05, ** for​​p​​< 0.01.​

​Figure 5. Short-term warming had moderate effects on​​A. latifolia​​fine-root length density and biomass​
​but did not impact morphology (SRL) or nutrient content (C:N). Statistically significant model parameters​
​denoted as follows: • for​​p​​< 0.10, * for​​p​​< 0.05,​​** for​​p​​< 0.01.  Error bars represent standard error.​​(​​n​​=​
​5 plots per treatment, four cores averaged per plot).​

​Figure 6. Relationship between NH​​4​
​+​​uptake by​​A. latifolia​​and NH​​4​

​+​​availability in the soil. In panel a,​
​this relationship is shown with a traditional Michaelis-Menton model fit to NH​​4​

​+​​uptake per gram root and​
​NH​​4​

​+​​availability expressed as μM in the soil solution.​​In panel b, this relationship is fit with a logistic​
​model and values are expressed as NH​​4​

​+​​uptake per​​cm root length and extractable NH​​4​
​+​​per cm​​3​ ​soil.​

​Models were fit through data from both ambient and warming plots and grey shaded areas denote the 95%​
​confidence interval for each model fit based on bootstrapping of model parameters. Values in parenthesis​
​indicate upper and lower limits of 95% confidence intervals for parameters. Statistically significant model​
​parameters denoted as follows: • for​​p​​< 0.10, * for​​p​​< 0.05, ** for​​p​​< 0.01. Analysis conducted on​​n​​=​
​20 harvest label locations (2 replicates labels × 5 plots × 2 treatments).​
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​Figures​

​Figure 1.​

​32​

​920​

​921​

​922​

​923​



​Rapid tundra root response​

​Figure 2.​
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​Figure 3.​
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​Figure 4.​
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​Figure 5.​
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​Figure 6.​
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​Table Captions​

​Table 1. Pools of C and N in​​Arctagrostis latifolia​​biomass. For all samples, data from harvests were​
​averaged at the plot level prior to taking treatment averages (​​n​​= 5 per treatment). Means are given ±​
​standard error. Statistically significant differences between ambient and zero power warming treatment​
​from pool-specific t-tests are indicated with bold type and symbols (• for​​p​​< 0.10, * for​​p​​< 0.05,​​** for​​p​
​< 0.01). Statistically significant differences across tissue pools and treatments are indicated with letter​
​superscripts based on two-way ANOVA followed by HSD Tukey test (alpha = 0.05).​

​Table 2. Specific Leaf Area, Leaf Area Index, and height of​​Arctagrostis latifolia​​. Means are given​​±​
​standard error. Statistically significant model parameters denoted with asterisks (• for​​p​​< 0.10, * for​​p​​<​
​0.05, ** for​​p​​< 0.01).​
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​Tables​

​Table 1.​
​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

​ ​
​Carbon pools​

​(g C m​​-2​​)​
​Nitrogen pools​

​(g N m​​-2​​)​
​C:N​

​ ​
​ ​ ​Ambient​ ​Warming​ ​Ambient​ ​Warming​ ​Ambient​ ​Warming​ ​ ​

​Fine Roots​ ​63.09 ± 15.81​​a​ ​50.49 ± 7.06​​ab​ ​1.44 ± 0.28​​a​ ​1.24 ± 0.12​​ab​ ​42.07 ± 4.08​​a​ ​41.07 ± 2.66​​a​ ​ ​
​Rhizomes​ ​34.63 ± 9.95​​abc​ ​37.63 ± 9.15​​ab​ ​1.1 ± 0.29​​abc​ ​1.23 ± 0.29​​ab​ ​31.17 ± 1.99​​ab​ ​33.91 ± 2.53​​ab​ ​ ​

​New Tillers​ ​4.08 ± 1.48​​d​ ​4.67 ± 1.33​​d​ ​0.31 ± 0.10​​c​ ​0.31 ± 0.08​​c​ ​12.71 ± 1.11​​e​​·​ ​15.07 ± 0.63​​de​ ​·​ ​ ​
​Sheaths​ ​23.27 ± 4.42​​abcd​ ​31.47 ± 6.48​​abc​ ​1.11 ± 0.16​​abc​ ​1.24 ± 0.17​​ab​ ​20.63 ± 1.73​​cd​ ​25.27 ± 2.60​​bc​ ​ ​
​Blades​ ​24.16 ± 5.35​​abcd​ ​21.91 ± 2.35​​bcd​ ​1.87 ± 0.41​​a​ ​1.72 ± 0.19​​a​ ​13.04 ± 0.40​​e​ ​13.03 ± 0.37​​e​ ​ ​

​Inflorescences​ ​4.24 ± 1.68​​d​ ​8.4 ± 3.14​​cd​ ​0.31 ± 0.11​​c​ ​0.45 ± 0.15​​bc​ ​13.24 ± 0.35​​e​ ​*​ ​16.40 ± 1.04​​de​ ​*​ ​ ​
​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

​Aboveground​ ​55.75 ± 11.12​ ​66.45 ± 12.43​ ​3.60 ± 0.65​ ​3.71 ± 0.53​ ​15.28 ± 0.73 ·​ ​17.71 ± 0.93 ·​ ​ ​
​Belowground​ ​97.72 ± 25.61​ ​88.13 ± 14.18​ ​2.54 ± 0.57​ ​2.47 ± 0.37​ ​37.12 ± 2.79​ ​37.68 ± 2.41​ ​ ​

​Total​ ​153.47 ± 29.65​ ​154.58 ± 21.15​ ​6.14 ± 0.96​ ​6.19 ± 0.73​ ​24.94 ± 1.64​ ​25.58 ± 1.23​ ​ ​
​Above:Below​ ​0.71 ± 0.16​ ​0.86 ± 0.15​ ​1.6 ± 0.29​ ​1.74 ± 0.25​ ​ ​ ​ ​ ​ ​

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

​Table 2.​
​Ambient​ ​Warming​

​Specific Leaf Area (SLA, m​​2​ ​per g)​ ​14.54 ± 0.77​ ​15.51 ± 0.77​

​Leaf Area Index (LAI)​ ​0.79 ± 0.22​ ​0.71 ± 0.09​

​Maximum Height (cm)​ ​16.40 ± 1.02*​ ​22.87 ± 2.46*​
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