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1 Supplementary Text
1.1 Nutrient uptake modifications
1.1.1  Preliminary notes

The same processes apply to nitrogen (N) and phosphorus (P). The description below (Sect. 1.1.2 to 1.1.10)
focuses on N. The description for P can be obtained by substituting out all N by P in the text and equations, except
when specifically pointed out. The capitalized letters in all the equations are modelled variables and will be explained
as they appear. The meanings of subscripts are consistent throughout and are as follows:

i —soil layer

Jj — plant functional type (PFT), j € {spruce, tamarack, shrub, moss}, or, when describing the new equations in

ELM-MY(CI, j € {spruce, tamarack, shrub}, since moss is not modified

m — means the term is for soil decomposition

h - plant litter pool, h € {lab, cel, lig}, lab — labile, cel — cellulose, lig — lignin

The model time step is At = 3600 seconds (1 hour). The lower-case letters that are not At or in the subscript are

model parameters and will be explained as they appear. Parameter values are summarized in Table S2-Table S5.

1.1.2  Nutrient uptake and plant C balance in ELM-OLD

Black + blue colours in Figure S1 show the calculations used to determine nutrient uptake in the default ELMv2-
SPRUCE (ELM-OLD). Net photosynthesis is divided by the whole plant’s C:N ratio to calculate the corresponding
necessary N to support structural growth in leaf, stem, coarse root, and fine root C (Burrows et al., 2020). This growth
demand for N is first met by retranslocation, and the remaining part becomes plant’s demand for inorganic N, see Eq.
(S1). Within a soil column, all the plant functional types (PFTs) and the soil decomposition processes compete for the
same pool of soil inorganic N following the “Relative Demand” scheme (Burrows et al., 2020; Thornton and
Rosenbloom, 2005). That is, the model first calculates a total potential N uptake by all the PFTs and soil decomposition
(Eq. (S2)-(S3); also see Sect. 1.1.3). If the total potential N uptake is greater than the available soil inorganic N, the
individual potential uptakes are all scaled down by the same column-level limitation factor, Fy;ipi:, to obtain the
actual uptakes, Ny acr,j (EQ. (S4)-(S6)). Under soil inorganic N or P limitation, plant structural growth is constrained
to the lower of the two growth levels permitted by total N and P availability, i.e., the total of retranslocation and actual
NP uptake, see Eq. (S7).

The calculation of each PFT’s C balance is interwoven with the nutrient uptake calculations (Figure S2). At the
centre is the nonstructural carbohydrates (NSC) pool, which receives new C from gross primary productivity (GPP),
and supplies C to maintenance respiration (MR), excess respiration (XR), growth respiration (GR), structural C
growth, and recovery of a virtual “XSMR” pool. MR reflects the metabolic energy spent to maintain a plant’s regular
functions, and increases approximately linearly with total living biomass. XR reflects the wasted energy due to nutrient
limitation and increases exponentially up to a constant with the percentage of plant biomass existing as NSC. Both
MR and XR also increase exponentially with temperature. GR reflects the energy spent to synthesize new biomaterials

for structural growth and is a small and constant fraction of structural growth. The “XSMR” pool is a virtual pool,



defined for numerical purposes, to prevent the NSC pool from going negative when MR exceeds GPP for prolonged
periods (e.g., in winter). Whenever MR > GPP, the unmet MR demand is subtracted from the XSMR pool instead of
the NSC pool. This often causes the XSMR pool to go negative. To replenish the XSMR pool, when GPP > MR, some
C is taken out of the NSC pool to slowly replenish it according to fixed rules. In this way, the XSMR pool has a small
impact on net primary productivity (NPP), but it is not a physical pool or part of the plants’ biomass.

_ Cnet .
Ndemand,inorg,j = max CN: - Nretrans,j' 0 V] (Sl)
J
Nupt,pot,j = Ndemand,inorg,j Vj (SZ)
Nupt,pot = Nupt,pot,m + Z Nupt,pot,j (S3)
J
FNlimit = min(Nsoil/(Nupt,pot ' At)' 1) (S4)
Nupt,act,j = FNlimitNupt,pot,j Vj (SS)
Nupt,act,m = FNlimitNupt,pot,m (S6)
ACstructural,j
Cher - At if min(Fyyimit, Fpumie) = 1 (S7)
= mi ( CN, - At i e ) if Min(Fyygiie Fppme) < 1
min , 1I min imits imi
Nupt,act,j + Nretrans,j Pupt,act,j + Pretrans,j Ntimie Zptimit

Cnet,j — incoming net photosynthesis, g C m™ s™!

CN; — the whole plant’s C:N ratio, unitless

Nyetrans,j — N supply from retranslocation, g N m?s™
Ngemana,inorg,; — Plant demand for inorganic N, g N m™ s™!

N, — potential plant inorganic N uptake, g N m? s™!

pt,pot,j
Nuypt pot,m — potential soil decomposition inorganic N uptake, g N m?2s!

N,

upt,pot — total potential plant and soil decomposition inorganic N uptake, g N m?2s!

Ngoi1 — size of the column-level inorganic N pool (the sum of NH}, NO3, and biological N fixation; for P, this is
soluble P [PO37]), g N m?

Fyiimic — column-level N-limitation factor, unitless

Nypt ace,; — actual plant inorganic N uptake, g N m?s™

N,

upt.act;m — actual soil decomposition inorganic N uptake, g N m?s™

ACqtrycturar,; — structural growth of the plant in the time step, g C m™
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Figure S1. Nutrient uptake processes by the vascular plant functional types in ELM-OLD and ELM-MYCI. Boxes with
edge are modelled quantities, lines and boxes without edge are calculations. Black boxes and lines are shared processes,
blue ones exist only in ELM-OLD, and orange ones exist only in ELM-MYCI.
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terms involved in the N and P uptake calculations (net photosynthesis and structural

growth) and the terms involved in C-balance calculations (the other terms in this figure). Black boxes are terms shared by
ELM-OLD and ELM-MYCI. The orange box is a new flux out of the XSMR pool in ELM-MYCI. Abbreviations: GPP —
gross primary productivity, MR — maintenance respiration, XR — excess respiration, GR — growth respiration, NSC —

nonstructural carbohydrates.



1.1.3  Nutrient limitation of the soil-decomposition process in ELM-OLD and ELM-MYCI

Although soil decomposition processes are not modified in this study, and the full scheme is described elsewhere
(Burrows et al., 2020; Oleson et al., 2013), a brief overview is provided here to contextualize heterotrophic respiration
(HR) and its dependence on nutrient availability. ELMv2-SPRUCE uses the Converging Trophic Cascade scheme,
which has one coarse woody debris pool, three plant litter pools (conceptualized as labile, cellulose, and lignin), and
four soil organic matter (SOM) pools (Burrows et al., 2020; Oleson et al., 2013). C flows from upstream to downstream
pools, in the approximate order of woody debris — plant litter — faster-turnover SOM — slower-turnover SOM,
following first-order exponential decay. The C:N and C:P ratios of the coarse woody debris and plant litter pools are
flexible and determined by the input plant materials. The C:N and C:P ratios of the SOM pools are fixed parameters
(Table S2).

During each transformation, a fraction of the upstream carbon is released as COz, in proportion to the pool size
and the transformation rate. HR is calculated as the sum of these CO: fluxes across all transformations and soil layers.
Each transformation also generates N and P demands (Nyp por,m in Eq. (S3), immobilization demand in Figure S1),
because the upstream pools generally have higher C:N and C:P ratios than the downstream pools. To satisfy these
stoichiometric requirements, additional N and P must be obtained from the soil inorganic pool. Nutrient limitation of
the transformation rate, and thus HR, occurs when the available soil inorganic N or P is insufficient to meet the

combined demands of plants and decomposition (Eq. (S4)).

1.1.4  Overview of the nutrient uptake and plant C balance in ELM-MYCI

In the modified ELMv2-SPRUCE (ELM-MYCI), we split the nutrient uptake processes of the vascular PFTs
(spruce, tamarack, and shrubs) into three pathways: (1) direct inorganic nutrient uptake by uncolonized fine roots
(PATH™), (2) indirect inorganic nutrient acquisition by mycorrhizal roots (PATH™<"¢) and (3) indirect nutrient
acquisition from organic sources by mycorrhizal roots (PATH™°¢). This split is based on the idea that EcM fungal
mantle can prevent fine roots from accessing the soil solution (He et al., 2018). The uncolonized fine roots can only
use PATH™, whereas the fungi-colonized fine roots can only use PATH™"®¢ and PATH™%°"¢, Pathways (2) and
(3) are mycorrhizal-implicit. They do not consider fungal biomass dynamics or explicit exchanges of C-N-P between
the plant host and fungi. Instead, they treat the fungal uptake of inorganic nutrient, or mining of organic nutrient, and
subsequent transfer to the plant host via the colonized fine roots as a lumped process. The plant host pays a C cost for
the fungi-mediated nutrient acquisitions from the XSMR pool (Figure S2 orange box), but this cost is not allocated to
fungal biomass or soil respiration because doing so appropriately would require modifying the soil decomposition
scheme (Sect. 1.1.3). Nutrient uptake and the C balance for the non-vascular Sphagnum moss remains the same as in
ELM-OLD. The competition between all PFTs and soil decomposition also remains the same as in ELM-OLD, Eq.
(S3)-(S7).

We embed the three pathways into the broader model as shown in Figure S1 (orange boxes). We first modify Eq.
(S1) to let the growth demand for N be first met by retranslocation and PATH™'¢, Eq. (S8). The remainder becomes
the plant’s demand for inorganic N. This order of subtraction gives the plant a preference of organic N over inorganic

N, which we deem acceptable for the boreal peatland ecosystem because it has abundant organic matter. Under the



current code structure of ELMv2-SPRUCE, removing this assumption will require revising both the nutrient
competition and soil decomposition calculations, which is beyond the scope of this study. We then replace Eq. (S2)
with Eq. (S9), where the new potential inorganic N uptake is the sum of two potential uptake terms, one via PATH™*
and one via PATH™®"'¢ After scaling down the potential inorganic N uptake by soil N availability, Eq. (S4)-(S6),
we obtain the actual inorganic N uptake via PATH™ and PATH™¢""¢ The sum of retranslocation, the actual
inorganic N uptake via fine roots, the actual inorganic N acquisition via mycorrhizal roots, and the organic N
acquisition via mycorrhizal roots becomes the total N supplied to the plants for structural growth, Eq. (S10). With
those modifications, we obtain PFT-specific nutrient-limitation factors, Eq. (S11), as opposed to only the column level

one in Eq. (S4) in ELM-OLD.

Cret ]
Ndemand,inorg,j = max (CT;\EI - Nretrans,j - Nmyc,org,j: 0) V] (SS)
J
Nupt,pot,j = Nfroot,j + Nmyc,inorg,j (S9)
Chee - At if Fyjimie =1
ACstru(:tw*al,j = CN] At if FNl' . < 1 (SIO)
imi
Nupt,act,j + Nretrans,j + Nmyc,org,j
1 if Ndemand,inorg,j =0
Friimit,j = Nuptact j (S11)

N if Ndemand,inorg,j >0
demand,inorg,j

Ninycorg,j — N acquisition from organic sources through mycorrhizal roots, g N m?s!
Ninyc inorg,j — potential inorganic N acquisition through mycorrhizal roots, g N m?s!
Nfroot,j — potential uptake of inorganic N through uncolonized fine roots, g N m?s!

Fyiimit,j — PFT-specific N limitation factor, unitless

1.1.5 Colonization rates by ectomycorrhizal and ericoid fungi

Operationalizing Eq. (S8)-(S11) requires modelling the fraction of roots that are uncolonized, i.e. using PATH™',
and colonized, i.e. using PATH™®""¢ and PATH™"*¢, At the SPRUCE site, observations found that the total
abundance of dark fungal hyphae, which could be ErM in origin and from Cenococcum geophilum, declined by 75-
100% from the unheated to the warmest chamber (Defrenne et al., 2021). SPRUCE observations also found shrub
roots to vastly increase in total and specific root length in the warmer enclosures, indicating a shift towards the do-it-
yourself strategy (Malhotra et al., 2020; Weber et al., 2025). Other past experiments found peatland ericaceous shrubs
to uptake less N via ErM fungi under inorganic N addition (Vesala et al., 2021). Based on these studies, we have
relatively high confidence that ErM colonization of shrub roots decreases towards the warmer enclosures. Observed
root-tip colonization rates for the EcM trees are very noisy and do not show clear trends across warming treatments
(Figure S9). Also, past experiments found both increases and decreases in EcM colonization under N additions,
possibly related to the amount of added N and water conditions (Table S1).

Based on the above information, we initially tested two ways to model fungal colonization rates: a linear function
of annual average water table depth, or a linear function of annual average soil inorganic N content. The first approach

turned out to be inviable because it induced little gradient across the treatment chambers. Therefore, we chose the



second approach, see Eq. (S12). We use the average soil inorganic N content over 0-30 cm because it is the rooting
zone at the SPRUCE site (Iversen et al., 2018). For parameter optimization, we constrain the slope of response to be
b; < 0 for ErM colonization of shrubs but does not impose such constraint for the trees (Table S5). We choose not to
include a soil P content control on mycorrhizal colonization in this study, because the study site’s dependence on P is
less well-understood and fewer prior studies have focused on P (Table S1), but we put a zero-coefficient into the code
as placeholder for potential addition of P control in the future.

M,

= max(0, min(1, a; + b;N; (S12)

yc,j oil,annavg))

M., ; — fraction of fine roots colonized by mycorrhizal fungi, unitless

ye.j
Nioit annavg — annual average soil inorganic N (N HJ + NO3) content in the rooting zone, g N m™
a; — intercept parameter

b; — slope parameter

Table S1. Review of previous studies on the influences of moisture and nutrients to EcM colonization of boreal trees.

Plant type Treatment Outcome Study

(Forsmark et

N addition, 3-50 kg N ha ! yr!
al,, 2021)

Pinus sylvestris No change in colonization

Forest stands including sugar
(Renaudin et
al., 2023)

maple, beech, yellow birch, - Small increase in abundance,
N addition, 9-85 kg N ha ! yr! . .
black spruce, moss and ErM possibly driven by tree growth

shrub understory

Small increase in fraction of | (Rossi et al.,

Picea mariana N addition, 9-30 kg N ha'! yr'!

colonized root tips 2012)
Watering gradient (40-100% | Higher EcM colonization rates
field capacity) x N addition | in drier treatments. Lower | (Xie et al,
Picea asperata ] o
gradient (0-400 kg N ha! yr!) | colonization rates under N | 2021)

addition

(Hogberg et
al., 2010)

Pinus sylvestris N addition at 100 kg N ha! yr! | Lower EcM colonization rates

1.1.6 Common environmental multipliers

We apply the following common environmental multipliers when modelling the uptake/acquisition of all three
pathways: soil temperature, soil moisture, and the plant’s N limitation in the previous time step. The former two
multipliers are soil layer specific. The soil temperature multiplier is a conventional Q1o function, Eq. (S13). The soil
moisture multiplier, from (Frolking et al., 2002), is selected because the formula lets both dry soil and excess moisture
to inhibit nutrient uptake, Eq. (S14). The inhibition of waterlogging on nutrient uptake is supported by observational
evidence (Struyf et al., 2011). The third multiplier is a feedback mechanism that makes the modelled PFTs ramp up



uptake/acquisition rates in a nutrient-poor environment while preventing them from infinitely accumulating nutrients
when demands are already met, Eq. (S15). It is weakly supported by experimental observations that high tissue nutrient
concentrations inhibit plant nutrient uptake (Glass et al., 2002). Figure S3 shows the form of Eq. (S15) under various
a-values. In the absence of suitable observational references and noting that the parameter does not have a large impact

on model results in one-at-a-time sensitivity analysis (Figure S4), we chose o = 1.5.

Tsoi,i_10 /10 813
T(Tsoi,i) = QEO ) (S13)
Bopt — Osori\” (S14)

1 _( opt9 tsm,t) if(i)soi,i < Hopt

F(Oy;;) = op
() 1-05 (—es"“ — 9"’”) if Og01; > 6
. 1— gopt soi,l opt
a
F(Fy )= (S15)
(P ) Fymie; ta—1

Ty — soil temperature of layer i, °C

q10 — Q1o parameter for temperature sensitivity of nutrient uptake

0501 — volumetric soil water content in soil layer i, m* m™

0op¢ — optimal soil volumetric water content for nutrient uptake, m?* m?

a — parameter controlling the feedback of excessive nutrient uptake on uptake rates

F(Fniimit,j)

Fniimit, j
Figure S3. Visualization of the N limitation multiplier, Eq. (S15), at different parameter values.
1.1.7  Acquisition of nutrient from soil inorganic and organic sources via mycorrhizal roots

Mycorrhizal fungi growth, and hence their ability to obtain soil nutrients, depend partially on C transfer from the
plants (He et al., 2018, 2021; Shao et al., 2023). In our implicit approach, we account for this phenomenon by applying
a multiplier based on NSC availability (Eq. (S16)) and an upper bound based on the availability of new photosynthates
(Sect. 1.1.8) on the acquisition rates of PATH™®"¢ and PATH™*¢, In Eq. (S16), when a PFT has high NSC



compared to its structural biomass C in leaf and fine root, the multiplier approaches one, and in the opposite situation,

ZCro.

knschs j

F(Cp i) = Z (S16)
( ns,]) knschs,j + Cfroot,j + Cleaf,j

k,sc — unitless sensitivity parameter

Chs,j — nonstructural carbohydrates content, g C m

Ctroot,j — displayed fine-root carbon biomass, g C m™

Ciear,; — displayed leaf-carbon biomass, g C m™

In each soil layer, the potential N acquisition rate via PATH™“¢ is a function of the amount of ErM- or EcM-
colonized fine-root biomass, My, iCrroot,jffrootij» the environmental multipliers (Sect. 1.1.6), and the NSC
multiplier, see Eq. (S17). The fraction of fine-root biomass in each soil layer, frqo¢, ;> 1S set using linear vertical
rooting profiles, Eq. (S18), that are fitted on in situ minirhizotron data (Weber et al., 2025). The actual N acquisition
rate via PATH™ "¢ in each soil layer is limited by the sizes of soil organic N pools and the fraction of those pools
that can be accessed, Eq. (S19)-(S20), using the high bound 0.0001 in the CoupModel (He et al., 2018). The total
actual N acquisition rate via PATH™ ¢ is calculated as the sum over all soil layers, Eq. (S21), followed by a final
adjustment that prevents unnecessary uptake during nighttime and dormancy (see Sect. 1.1.8).

We restrict the mycorrhizal-available soil organic N pools to the three plant litter pools in the soil decomposition
scheme (Sect. 1.1.3). This is because those three pools allow flexible C:N and C:P ratios, while the four SOM pools
require fixed C:N and C:P ratios. To allow N and P acquisition from the SOM pools require considering how much C
to release as fungal respiration. However, the current first-order decomposition processes in ELMv2-SPRUCE have
no explicit microbial pools; as such, it is uncertain how much of the HR already reflects fungal respiration in the real
world. There may also be difference between EcM and ErM in the fraction of released C (Clemmensen et al., 2021).
Due to those difficulties, we leave the treatment of the SOM pools to future model development.

In the real world, ErM has limited ability to degrade lignin/lignin-like Sphagnum phenolics and other complex
biopolymers (Ward et al., 2022). However, the lignin pool in ELMv2-SPRUCE is more of an abstract pool based on
a decay rate than the real lignin compound (Oleson et al., 2013). Preventing the ErM-shrub association from accessing
this pool will make its accessibility to organic N and P unrealistically low. Therefore, we allow the EcM-tree and
ErM-shrub association to access all the litter pools.

Ninyepotorg,ij = uN,myc,ijyc,jCfroot,ijroot,i,j?(Tsoi,i)j:(@soi,i)T(FNlimit,j)F(Cns,j) (817)

aroot(zi - Zi—l) ifi > 1or broot <0

Fmet'i'j - { ArootZi + broor  ifi=1and bype >0 (518)
0.0001
Navail,org,i,j = At (ON,i,lab + ON,i,Cel + ON,i,lig) (819)
Npre,myc,org,i,j = min(NmyC,pot,org,i,j' Navail,org,i,j) (820)
10
Npre,myc,org,j = Z Npre,myc,org,i,j (821)
i=1

10



Ninyepotorg,i,j — potential N acquisition from organic sources via mycorrhizal roots in one soil layer, g N m

Uy myc,j — the maximum organic N acquisition rate per unit colonized fine-root biomass, gN g C's!

Frroot,i,j — fraction of fine root in one soil layer, unitless

@00t — Slope parameter of cumulative fine-root distribution

b,,0¢ — intercept parameter of cumulative fine-root distribution

z; — the bottom depth of the soil layer, m

Ngpaitorg,i,j — soil organic N pool size available to the plant-fungi association, g N m

O i1ap — s0il organic N pool size in the labile litter pool in the soil layer, g N m™

O i cer — soil organic N pool size in the cellulose litter pool in the soil layer, g N m™

Ou,i1ig — soil organic N pool size in the lignin litter pool in the soil layer, g N m

Npremyc,org,i,j — the pre-adjustment actual acquired N from organic sources via mycorrhizal roots in one soil layer, g
N m?

Npremyc,org,j — the pre-adjustment actual acquired N from organic sources via mycorrhizal roots over all the soil

layers, gN m

Because inorganic N is much more scarce than organic N in peatland ecosystems, we limit the potential N
acquisition rate by PATH™<n¢ by a Michaelis-Menten multiplier, Eq. (S22). The other terms in the calculation, Eq.
(S23), are the same as those in the calculation of potential organic N acquisition rate, Eq. (S17). The potential
acquisition rates are summed up over all the soil layers, Eq. (S24), and subject to a final adjustment (see Sect. 1.1.8).

Constraining the rate constant (Vy ryng; ;) and half-saturation point (ky ;) in the Michaelis-Menten multiplier is
difficult. Experimentally observed rate constants vary by three orders of magnitude (102 to 10° g N cm™? s! and 10
8310 10! g P cm? s!), and half-saturation points vary by one order of magnitude (0.25-3.338 g N m™ water, 0.049-
0.17 g P m* water) (Table S6-Table S7). Therefore, we first use hand-tuning to determine approximate guesses for
those parameters. Then, during parameter optimization, we set the upper and lower bounds to be [0.1, 10] of the initial
guesses of the rate constants, and [0.5, 2] of the initial guesses of the half-saturation points (Table S4-Table S5).

We do not distinguish between NH} and NO3 when calculating the N acquisition rate by PATH™¢i"r2 The
concentration of NO3 is near-zero compared to NHJ in the SPRUCE ecosystem (main text Figure 2), and plants
exhibit plasticity and acclimation in their N-form preference (Chalk and Smith, 2021; Daryanto et al., 2019). As such,

we deem differentiating between these two chemical forms to be an unnecessary complexity.

Nconci
F.AN )= —_
]( COTlC,l) kN,j + Nconc,i (822)

Nmyc,pot,inorg,i,j

(S23)
= vN,myc,ijyc,jCfroot,ijroot,i,j:F}'(Nconc,i):F(Tsoi,i)?(esoi,i)T(FNlimit,j)F(Cns,j)
10
Npre,myc,inorg,j = Z Nmyc,pot,inorg,i,j (824)
i=1

N¢one,j — soil inorganic N concentration (N Hf + NOj3; for P, PO;™) in one soil layer, g N m™

11



ky j — half-saturation point for inorganic N uptake/acquisition, including via mycorrhizal roots and uncolonized fine
roots, g N m

Ninycpot,inorg,i,j — Potential inorganic N acquisition via mycorrhizal roots in one soil layer, g N m?2s!

Un,myc,j — Maximum inorganic N acquisition rate per unit colonized fine-root biomass, g N g C's!

N,

pre;myc.inorg,j — Pre-adjustment inorganic N acquisition via mycorrhizal roots over all the soil layers, g N m?s!

1.1.8  Upper bound on the nonstructural carbohydrate cost of N acquisition via mycorrhizal roots

In addition to letting the plant’s NSC abundance influence the acquisition rates of PATH™®ino¢ and PATH™0e,
Eq. (§16), we impose an upper bound on the total N acquisition from inorganic and organic sources via mycorrhizal
associations due to their C cost to the plants. That is, the total acquired N from organic and inorganic sources,
multiplied by a constant factor, cy, must not exceed 50% of the net photosynthesis at each time step (C,,,;, defined in
the beginning of Sect. 1.1.2), see Eq. (S25)-(S29). We choose the 50% threshold following the maximum value found
in a previous meta-analysis (Hawkins et al., 2023). The use of net photosynthesis in the upper bound prevents nutrient
acquisition during the night and during winter dormancy. The scaled-down inorganic N acquisition, combined with
direct fine-root N uptake, undergo competition with soil decomposition, which is already described in Eq. (S9) and
(S5). The total C cost to the plant is equal to the greater value between the total C cost of N acquisitions and the total
C cost of P acquisitions via PATH™%¢ and PATH™<°'¢, Eq. (S30).

We subtract the C cost from the virtual XSMR pool (see Sect. 1.1.2) in this study, which has a damped negative
effect on the NSC pool — if all other model terms are held constant, a more negative XSMR pool will incur more
frequent replenishments from the NSC pool to the XSMR pool (Figure S2). We do not subtract from the NSC pool
directly, because negative NSC pool sizes will cause numerical problems in ELMv2-SPRUCE, and because it is
desirable to keep the model insensitive to ¢y and cp at this stage. The C cost of fungal nutrient uptake is not commonly
reported in the literature and probably varies with environmental conditions. For example, (Hobbie and Hogberg,
2012) found cy ranges from 0-180 g C g N'! based on isotopic theoretical calculations. They further suggest that as
the environment becomes more N-abundant, the fungi allow a greater fraction of their assimilated N to be transferred

to the plant, resulting in a decline in the C cost.

Cpre,N,myc,j =Cn (Npre,myc,org,i,j + Npre,myc,inorg,j) (825)
C .
_ . pre,N,myc,j
Nmyc,org,j - Npre,myc,org,j mln( 05C iy 1 (826)
Jblnet,j
C .
_ . pre,Nmyc,j .
Nmyc,org,i,j = Npremyc,org,i,j min (T' 1) vi (827)
. net,j
_ . Cpre,N,myc,j 1 D)
Nmyc,inorg,j - Npre,myc,inorg,j min 05C ) (S 8)
. net,j
C .
_ . pre,N,myc,j .
Nmyc,inorg,i,j - Npre,myc,inorg,i,j min 05C 1 V] (829)
Dbnet,j
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Cmyc,j = max (CN (Nmyc,org,j + FNlimitNmyc,inorg,j)' Cp (Pmyc,org,j
(S30)

+ FPlimithyc,inorg,j))
reN,myc,j — Pre-adjustment C cost of N acquisition from inorganic and organic sources via mycorrhizal roots to a

PFT,g C m?s’!

Cp

cy — C cost per unit acquired N via mycorrhizal foots, g C g N}, ¢y = 20; for P, ¢, = 200

Ninycorg,j — @djusted total rate of N acquisition from organic sources over all the soil layers via mycorrhizal roots, g

Nm?s'!

=

imycorg,,j — adjusted rate of N acquisition from organic sources in one soil layer via mycorrhizal roots, g N m™ s

=

myc,inorg,j — adjusted total rate of inorganic N acquisition over all the soil layers via mycorrhizal roots, g N m?s!

=

myc,inorg,i,j — adjusted rate of inorganic N acquisition from one soil layer via mycorrhizal roots, g N m?s!

)

myc,j — C cost of nutrient acquisition via mycorrhizal roots to a PFT, g C m?s!

1.1.9  Reduction of soil organic N content due to the acquisition of mycorrhizal roots

To model the reduction in soil organic N content due to the acquisition by mycorrhizal roots, we distribute the
final adjusted organic N acquisition, Eq. (S26), summed over all the vascular PFTs, across the three accessed litter

pools proportional to pool size, see Eq. (S31). The organic C in those pools are not changed.

_N N On,ih Vh € {lab, cel, lig}
MYCOTGI Oy i 1ab + Onicer + Onitig if j € {spruce, tamarack}
AOyin = O (S31)
_N B N.ih At Vh € {lab, cel}
TYEOTI O i 1ab + O cer if j = shrub

AOy ; n, — change in the size of the plant litter pool in one soil layer in one time step, g N m™

1.1.10 Direct uptake of inorganic nutrients by uncolonized fine roots

In modelling direct fine-root uptake of inorganic nutrients, we included a root surface area term, Eq. (S32), from
the PEATBOG model (Wu and Blodau, 2013). The term is related to measurable root economic traits, here radius and
density (Bergmann et al., 2020), enabling distinction between the thinner shrub roots and the coarser tree roots at the
SPRUCE site (Iversen et al., 2018). We parameterize the fine-root radius and density directly using the observed
values at the SPRUCE site for first- and second-order fine roots, which are primarily responsible for the adsorptive
function (Iversen et al., 2017; McCormack et al., 2015). The other multipliers in the uptake rate formula parallel those
of inorganic N acquisition via mycorrhizal roots, except for the absence of the NSC multiplier, see Eq. (S33) and Eq.
(S23). We use the same half-saturation point, ky ;, for PATH™* and PATH™¢"r¢ (Eq. (S22)), in order to limit model
complexity in the presence of high observational uncertainty (Table S7). The uptake rates are modelled for each soil

layer and summed up, Eq. (S34).

0.0lcf‘root,j Ffroot,i,j
2
70,

(S32)

froot,i,j =
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Nfroot,i,j = vN,froot,j(]- (833)
- Mmyc,j)Afroot,i,jj:j(Nconc,i)T(Tsoi,i)T(Osoi,i)T(FNlimit,j)
10
Nfroot,j = Z Nfroot,i,j (834)
i=1

Afroot,;,j — total surface area of fine roots in one soil layer, cm?m?
7; — fine-root radius of the PFT, cm
p; — fine-root density of the PFT, g C cm

VN, froot,j — Maximum fine-root inorganic N uptake rate per unit uncolonized root surface area, g N cm? s

1.2 Removal of pretreatment variability

For each variable among AGNPPspruce, AGNPPramarack, annual maximum LAI of spruce, and annual maximum LAIT of
tamarack, we fit an ordinary least-squares regression:

XPOSE~I(CO,) + Toyy + Year + XP7 +1(C0O,) X Ty + 1(CO,) X Year (S35)

, where XPoSt is the post-treatment value in a year and enclosure, I(C0,) indicates whether that enclosure is treated
with elevated CO2 (I(C0,)=1) or not (I1(C0,)=0), T,;, is the annual mean air temperature in the year and enclosure,
XPT¢ is the observed year 2014 pre-treatment value in the enclosure. After fitting this initial formula, we drop all the
insignificant terms using p < 0.05 criteria and re-fit a final regression. If the pretreatment term is still significant in
the final regression, we remove its effect as X4 = XPost — p(XPT¢ — XPT¢) where b is the regression coefficient of

Xpre, XPre is the average pre-treatment value across all enclosure, and X%/ is the adjusted observed value.

2 Supplementary Tables

Table S2. Biogeochemistry-related parameters in ELM-OLD that are updated in this study using observed or manually
tuned values.

Parameter  name Plant functional
Explanation Values | Source
(Unit) type
leaf longevity for evergreen
leaf long (year) Spruce 5 (Salmon et al., 2021)
leaves
Spruce 35
froot_cn (gC gN™) Fine root C:N ratio Tamarack 40 (Iversen et al., 2021)
Shrub 55
Spruce 90
livewd cn (gC gN!") | Live wood C:N ratio Tamarack 60
Shrub 85 (Phillips et al., 2017)
Spruce 655.78
leaf cp (gC gP!) Leaf C:P ratio
Tamarack 655.78
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Shrub 594.72

cn_ sl (gC gN) C:N ratio of the first SOM pool - 22 (Griffiths et al., 2017)
C:N ratio of the second SOM )

cn_s2 (gC gN) - 22 (Griffiths et al., 2017)
matter pool
C:N ratio of the third SOM matter ]

cn_s3 (gC gN) - 20 (Griffiths et al., 2017)
pool

cn_s4 (gC gN) C:N ratio of the fourth SOM pool | - 20 (Griffiths et al., 2017)

Spruce 0.2 Manually tuned to
r_mort (year) Whole-plant turnover rate Tamarack 0.2 match observed
Shrub 0.12 biomass magnitude

Table S3. Biogeochemistry-related preexisting parameters in ELM-OLD that are optimized. The upper and lower bounds

are determined based on previous ranges (Griffiths et al., 2017; Meng et al., 2021; Ricciuto et al., 2018).

Parameter name Plant Optimized
in ELMyv2- | Explanation functional Range values in ELM-
SPRUCE (Unit) type OLDptim
Spruce 10.26
Ball-Berry slope of conductance-
mbbopt (1) ) ) ) Tamarack [4.5,13.5] | 9.96
photosynthesis relationship, unstressed
Shrub 11.33
Spruce 197844
o [191000,
vemaxhd (J mol!) | Deactivation energy for Vemax Tamarack 210000] 206246
Shrub 197588
Spruce 0.08376
flnr (1) Fraction of leaf N in in Rubisco enzyme | Tamarack [0.05,0.30] | 0.19381
Shrub 0.29826
[0.0051,
Spruce 0.00909
0.0095]
. [0.01708,
slatop (m? gC™!) Specific leaf area at top of canopy Tamarack 0.02572
0.02604]
[0.01666,
Shrub 0.01985
0.0308]
Spruce 3.283*10¢
br_mr_pft (gC gN- . o [10%, 5*10°
gy Base rate of maintenance respiration Tamarack f 1.319*10°¢
.
Shrub 4.234%10°
0 f(1) Oro of mai o Spruce [1.2.38] 2.322
mr pit 10 of maintenance respiration 2, 3.
ATmp P Tamarack 3.209
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Shrub 1.369
Spruce 1.015
froot_leaf (gC gC ] )
N Ratio of fine root to leaf allocation Tamarack [0.3, 1.3] 1.085
Shrub 0.628
Parameter  controlling  stem-to-leaf | Spruce -0.4796
stem_leaf (n/a) ] ) [-0.5,-0.1]
allocation ratio Tamarack -0.3084
decomp_depth_ e-folding depth for reduction in
) - - [0.3,1.0] 0.3039
efolding (m) decomposition
ql0_hr (1) Q1o for heterotrophic respiration - [1.4,2.5] 1.922
Minimum anaerobic decomposition rate [0.0001,
mino2lim (1) ) ) ] - 0.003131
as a fraction of potential aerobic rate 0.05]
Table S4. Newly added parameters in ELM-MYCI that are manually tuned.
Range in one-at-
Plant
Symbol Equation a-time
functional | Value Source
(Unit) appeared in sensitivity
type ,
analysis
Spruce 0.7 Manually tuned based on
observed ranges (Rossi et
a; (1) Eq. (S12) [0.2,0.8] )
Tamarack 0.5 al.,, 2012; Xie et al.,
2021)
Bope (1) Eq. (S14) - 0.6 [0.3,0.9] (Frolking et al., 2002)
Selected  based on
a(l) Eq. (S15) - 1.5 [0.75,2.25] comparing a range of
values in Figure S3
knse (1) Eq. (S16) - 2 [1,3] Manually tuned
Spruce 11.7605 -
roor (1) | Eq. (S18) Tamarack 11.7605 - Fitted to observed fine
Shrub 7.5535 - root depth distribution at
Spruce -0.11713 - SPRUCE (Weber et al.,
broor (1) | Eq. (S18) Tamarack -0.11713 - 2025)
Shrub 0.04493 -
[1.0209*10°,
Uy fungi j Tamarack 1.0209*108
1.0209*107] Manually tuned to ensure
(gN gC' | Eq.(S17)
[3.5748*10°, all PFTs grow
sh Shrub 3.5748 *10°®
3.5748*107]
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Spruce 7 Manually  tuned to
ky; (gN Eq.(S22) Tamarack 7 3.5, 14] approximately ~ match
m) Shrub . annual average simulated

soil inorganic N levels
Phosphorus Tamarack 0.004955 Manually  tuned to
kp; (gP counterpart of Eq. [0.002478, approximately ~ match
m) (s22) Shrub 0.004955 0.009911] annual average simulated
soil inorganic P levels
[4.5977*10°'°,
Un fungi,j Spruce 4.5977*10°° 4.5977%10°
Zgll)\l g | Fa.(529) Shrab 3.3289%10° [3.3289*10°19, Manually tuned with
3.3289*10%] reference to values in (He
[2.7567*10°, et al., 2021; Shao et al.,
Up fungi,j | Phosphorus Tamarack 2.7566%10°1° 5
(gP gC's | counterpart of Eq. 273671071 2023)
D) (S23) Shrub soscorioro | L30T
8.0369*107]
Manually tuned in line
Phosphorus with the typical order-of-
;;1) (eC counterpart of Eq. | - 200 [100, 1000] magnitude N:P  ratio
(S25), Eq. (S30) (~10:1) in soil-plant
systems

Spruce 0.012 - )

7; (cm) Eq. (S32) Tamarack 0.018 - Unpublished observed

Shreh 50045 - data (Iversen et al., 2018)

Spruce 0.16 - Unpublished  observed
p; (g€ Eq. (532) Tamarack 0.15 gC cm™ - data, assuming 46% C in
cm?) Shrab 0.09 5C o ] biomass (Iversen et al.,

2018)

Manually tuned with
UN.froot.j [4.2538*10°"3, reference to values in
(gN gC' | Eq.(S33) Spruce 4.2538*107"
o) 4.2538%107'] (Shao et al., 2023; Wu

and Blodau, 2013)

Table S5. Newly added parameters in ELM-MYCI that are optimized.

Symbol

Equation appeared in

Plant

functional type

Range

Optimized values

ELM-MYCI

ELM-MYCIoptim
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a; (1) Eq. (S12) Shrub [0.2,0.8] 0.9053 0.6868
Spruce L0.1,0.1] -0.07366 -0.09000
b; (1) Eq. (S12) Tamarack o 0.00576 -0.06763
Shrub [-0.1, 0] -0.07368 -0.06777
10 () Eq. (S13) - [1,4] 3 1
Hn fungi. [2.55%10°1°,
(eN gC's | Eq. (S17) Spruce 7 se10 2.4368%10% | 1.9289*10°
) 55%10°]
[1.520%102,
Spruce 152041071 6.9176*10!! 2.749%10!!
Up fungi,j | Phosphorus 079+ 107,
(gN gC's | counterpart of Eq. | Tamarack 107941071 8.1831*10°1° 7.782*1 (110
D) (S17) :
[1.127%107,
Shrub L 127%107] 1.4757*10°1° 2.427%10°!!
Phosphorus
kp,; (gPm [0.002478,
counterpart of Eq. | Spruce 0.004457 0.009172
) 0.009911]
(S22)
v P
wmat] [3.4833%10°,
(gN gC's | Eq.(S23) Tamarack i 8.7018*10 2.7459*107
5 3.4833*107]
% ij | Phosphorus
Pfungt] P [1.2229%101,
(gP gC' s | counterpart of Eq. | Spruce 122204107] 1.8946*107!! 8.2067*10°1°
D) (S23) ‘
Cn (gC
! Eq. (S25), (S30) - [10, 100] 34 32
eN’)
[9.6838*10°!2,
UN,froot,j Tamarack 0.6838%10°] 8.5323*1010 3.4772*10°1°
N gC's | Eq. (S33) i
(eNe [9.6462%10°,
D) Shrub . 2.5154%10712 2.0811*10°!!
9.6462%10°'"]
[4.4409%107 2,
Spruce b 2.8185%10712 3.7779*10°12
Phosol 4.4409*%107"7]
Up,froot,j 0osphorus [3.6461*10'13,
(gP gC!' s | counterpart of Eq. | Tamarack 3.6461%1011] 1.1268*107'2 5.9747*%1012
D) (S33) :
[5.5157*10°14,
Shrub 3.2882*10°12 2.2162%10712

5.5157%107'2]
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Table S6. Review of experimentally measured uptake rates by fungi-colonized and uncolonized fine roots. If the paper
reported a maximum rate constant, that value is used here; otherwise, the fastest measured rate is used. The estimated
values in gN or gP cm™ 5! use Eq. (S32) with 0.015 cm radius and 0.155 gC cm™ density for trees, and 0.0045 cm radius and

0.09 gC cm? density for shrub and herbs.

Converted Converted
Nutrient | Value in
Plant species value (gN or gP | value (gN or gP | Source
species original unit
cm?sT) gClsh
130 pmol cm? s
Picea asperata, NH}
! 1.820*10°° 2.401*107
uncolonized roots
NO; | 90 pmol cm?s! | 1.260*%10° 1.662*107 (Xie et al., 2021)
Picea asperata, EcM | NHf 30 pmol cm™? s! | 4.200%10°1° 5.540*1078
colonized roots NO3; | 20 pmol cm?s! | 2.800%10°'° 3.693*10®
Douglas fir, uncolonized | NHS | 22nmol m?s! | 3.080*10!! 4.063*10°°
roots NO3; | 25nmolm?s! | 3.500%10" 4.616*%10° (Hawkins et al.,
Lodgepole pine, | NH} 14 nmol m? s! 1.960*10°!! 2.585*107° 2008)
uncolonized roots NO3 | 20nmol m?s! | 2.800%10!! 3.693*10°
8 umol g root’!
Hardwood trees NH} (Sanders-
hr! 2.359*1071° 3.111*10°
DeMott et al.,
025 p mol g
Hardwood trees NO3 2018)
root! hr'! 7.371*%10°12 9.722%10°1°
13.7 ymol g hr (Chapin et al.,
Eriophorum vaginatum NH}
! 2.111*10M 5.328*10°8 1993)
Vaccinium
0.017 pmol g?!
macrocarpon, NO3 ]
DW min’!
uncolonized roots 1.572*10°12 3.967*10° (Kosola et al,,
Vaccinium 2007)
0.16 u mol g
macrocarpon, ErM NO3
DW min’!
colonized roots 1.479*10°! 3.733*10°%
Pinus sylvestris, PO~ 0.2nmols! g d.
uncolonized * wt root 4.701*10! 6.200*10°° (Colpaert et al.,
Pinus sylvestris, PO~ 1 nmol s! g d. 1999)
colonized whole plant * wt root 2.350%1071° 3.100*10°®
Pinus sylvestris, .
. P03~ | 0.08 nmol g'!s! (Van  Tichelen
uncolonized 1.880*10°!! 2.480*10°
and  Colpaert,
Pinus sylvestris, 0.13-0.62 nmol | 3.055*107'" - | 4.030*107 -
PO}~ 2000)
colonized whole plant gls! 1.457*10°1° 1.922*10°8
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Calluna vulgaris,
) 1500 pg mg root (Arndal et al,
colonized by endophytes | PO;~
FW-! hour! 2013)
and ErtM 1.360%10712 3.432*10°1°

Table S7. Review of experimentally measured half-saturation point in uptake kinetics.

Value in original | Converted value (gN
Plant species Nutrient species | Source
unit m water)
Eriophorum
242 pumol kg™! 3.338 NH} (Chapin et al., 1993)
vaginatum
Only linear Vaccinium
relationship - macrocarpon, NH}
observed uncolonized roots
Only linear Vaccinium
relationship - macrocarpon, NO3
observed uncolonized roots
(Kosola et al., 2007)
Vaccinium
34.54 umol kg! 0.48 macrocarpon, NH}
colonized roots
Vaccinium
17.75 umol kg™ 0.25 macrocarpon, ErM NO3
colonized roots
Pinus sylvestris,
12.1 pmol kg 0.17 . PO;~
uncolonized
(Van Tichelen and
Pinus sylvestris,
) Colpaert, 2000)
3.5-10.2 umol kg! 0.049-0.143 colonized ~ whole PO~
plant

Table S8. Sphagnum cover (%) by year and treatment chamber (Norby et al., 2019).

Treatment 2016 2017 2018 2019 2020 2021
+0.00 25 24.5 24.9 23.7 24.6 24.6
+2.25 25 21.1 21.1 24 19 19
+4.50 25 19.4 19.3 12.3 9.2 9.2
+6.75 25 21.3 10.1 8.1 4 4
+9.00 24 8.9 3.8 3.6 0.6 0.6
+0.00 CO2 25 25 24 233 233 233
+2.25 CO2 243 17.4 16.5 14.5 14.5 14.5
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+4.50 CO2 25 4.8 5.7 3.7 1.2 1.2
+6.75 CO2 22 12.1 14 10.1 7.1 7.1
+9.00 CO2 23.1 11.2 4.2 3.7 1.7 1.7
Ambient 25 25 25 25 25 25
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Figure S4. Rank of the sensitivity of carbon fluxes to the newly added parameters in ELM-MYCI. A smaller rank means
greater sensitivity. Parameters that have PFT-specific values are grouped together and labelled by Spr — spruce, Tam —
tamarack, Shr — shrub. Boxplots show the [min, Sth percentile, 25th percentile, median, 75th percentile, 95th percentile,
max] of the ranks across the means and slopes of all the independent carbon flux variables in ambient and elevated CO,
enclosures. Parameters/PFT-specific values ranked below the threshold line (horizontal, dashed grey) are selected for

ensemble simulation and optimization.
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Figure SS. Enclosure-by-enclosure mean and temperature sensitivity of selected C fluxes. The observational uncertainty
intervals are estimated in the same manner as Fig. 1 (see main text Sect. 2.4). The modelled slopes have solid bars when
they are significant at p<0.05 (two-sided t-test), and otherwise hollow bars. The modelled values are from the best-
performing ensemble members using RAE criteria (main text Eq. (1)).
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Figure S6. Observed annual maximum leaf area index and the corresponding simulated levels by the four model setups (m?
m? ground area).
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Figure S7. Observed and simulated mean values and least squares linear temporal trends in hollow soil pore water nutrient
concentrations at 30cm depth during 2015-2020. Logscale is used because the modeled and observed values differ by orders
of magnitudes. For the temporal trends, solid bars mean the trend is significant at p<0.05 (two-sided t-test) and empty bars
means insignificant.
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Figure S8. Supplementary diagnostics on simulation results: (a-c) the ratio of nonstructural carbohydrates (CPOOL) to
total vegetation biomass (TOTVEGC), (e-g) the total living biomass, which does not include dead stem and dead coarse root
part of TOTVEGC, (i-k) the ratio of the virtual XSMR pool to total vegetation biomass. The ratios are calculated from
enclosure-wise 2015-2021 averages.

26



Spruce Tamarack Shrub

0.8 1 1

0.6 1 1

Fraction of fungi colonized fine roots

45 - .l-- 4

MmO n o nNn o NN N NN MmO N O N O N NN NN N N MmO nono NN N N N
SO ANInN™~NOS OO0O0O0O0 SO nNINnN™~NOSO0OO0O0O0O0 SO NIN™~NOSOO0O0O0O0
o NSO VO0O0O0U o NSO OO0 0 0 <o Nt O QOO0
FF~FFFFRFRFRFOWLWNOMINO FFFFRFRFRFOWWODINO FFFFRFRFRFQOWLWMOWOWO
ONg ™ Q O Ng ™ ©Q S Ng ™ Q

o NF © o o NF © o o NF © o

= [ = (== F - (=

® Obs. mean |  Obs. hummock-hollow range ELM-MYCI B ELM-MYCloptim

Figure S9. Fraction of fungi-colonized fine roots observed for tamarack in selected enclosures and simulated by the two
modified model setups for spruce, tamarack, and shrub in all the enclosures. The observations were made in summer 2017,
with one data point from the hummock and one from the hollow (Duchesneau et al., 2024). The display shows their weighted
mean (0.64 x hummock + 0.36 x hollow) and the range. The simulated values are averaged over 2015-2021 for each enclosure
and use the same hummock-hollow average (0.64 x hummock + 0.36 x hollow) as all the other modelled variables.
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Figure S10. Relationship between the annual total NP acquisition per unit net primary productivity (NPP) and the annual
mean soil inorganic nutrient content in different model setups. The total acquisition is equal to inorganic nutrient uptake
in ELM-OLD and ELM-OLD,tim, and equal to the sum of all three pathways (actual inorganic nutrient uptake by
uncolonized fine roots, actual inorganic nutrient uptake by mycorrhizal roots, and actual organic nutrient uptake by
mycorrhizal roots) in ELM-MYCI and ELM-MYCl,pim. We normalize the acquisition to per unit NPP to remove the
influences from vegetation biomasses and highlight the differences in the shapes of the relationships. Each small dot
represents a single enclosure-year combination, and all the dots together span all the enclosures and 2015-2021. The large
dots represent averages over all the years and chambers. The soil inorganic nutrient contents are weighted averages over
all the soil layers using the plant functional type’s fine-root fractions in each soil layer.
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Figure S11. Sobol’s main-effect and total-effect sensitivity indices of selected C-balance variables to the newly added model
parameters, calculated from ELM-MYCI_ENS. For better display, the indices are partitioned into subpanels according to
whether it is a PFT-specific or column-level parameter. Stacking the bars across the four panels in each row gives the sum
of the main or total effects over all the perturbed parameters, which are also displayed as a grey line for reference in each
panel. The C-balance variables in each panel are grouped according to whether it is a column-level, spruce, tamarack,
shrub, or moss variable. Parameter definitions can be found in Table S5 and equations referred therein.
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Figure S12. Sobol’s main-effect and total-effect sensitivity indices of selected C-balance variables to the preexisting model
parameters, calculated from ELM-OLDpim_ENS. For better display, the indices are partitioned into subpanels according
to whether it is a PFT-specific or column-level parameter. Stacking the bars across the four panels in each column gives the
sum of the main or total effects over all the perturbed parameters, which are also displayed as a grey line for reference in
each panel. The C-balance variables in each panel are grouped according to whether it is a column-level, spruce, tamarack,
shrub, or moss variable. Parameter definitions can be found in Table S3.
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