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we compile comprehensive N and P budgets for a for-
ested bog in northern Minnesota, USA.
Methods  N and P within plants, soils, and water are 
quantified based on field measurements. The resulting 
empirical dataset are then compared to modern-day, 
site-level simulations from the peatland land surface 
version of the Energy Exascale Earth System Model 
(ELM-SPRUCE).

Abstract 
Aims  Slow decomposition and isolation from 
groundwater mean that ombrotrophic peatlands store 
a large amount of soil carbon (C) but have low avail-
ability of nitrogen (N) and phosphorus (P). To better 
understand the role these limiting nutrients play in 
determining the C balance of peatland ecosystems, 
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Results  Our results reveal N is accumulating in the 
ecosystem at 0.2 ± 0.1  g  N  m−2  year−1 but annual P 
inputs to this ecosystem are balanced by losses. Bio-
mass stoichiometry indicates that plant functional 
types differ in N versus P limitation, with trees exhib-
iting a stronger N limitation than ericaceous shrubs 
or Sphagnum moss. High biomass and productivity 
of Sphagnum results in the moss layer storing and 
cycling a large proportion of plant N and P. Compar-
ing our empirically-derived nutrient budgets to ELM-
SPRUCE shows the model captures N cycling within 
dominant plant functional types well.
Conclusions  The nutrient budgets and stoichiom-
etry presented serve as a baseline for quantifying 
the nutrient cycling response of peatland ecosystems 
to both observed and simulated climate change. Our 
analysis improves our understanding of N and P 
dynamics within nutrient-limited peatlands and repre-
sents a crucial step toward improving C-cycle projec-
tions into the twenty-first century.

Keywords  Peatland · Sphagnum · Picea mariana · 
Peat · Belowground · Stoichiometry

Introduction

Peatlands are often nutrient-limited, carbon (C) rich 
ecosystems with variable microtopography, biogeo-
chemistry, and hydrology. They store an estimated 
33–50% of global soil C due to productivity histori-
cally outpacing decomposition in these cold, acidic, 
and frequently waterlogged soils (Yu 2012; Scharlemann 
et  al. 2014; Nichols and Peteet 2019). Slow decom-
position also contributes to low availability of criti-
cal nutrients like nitrogen (N) and phosphorus (P). 
Ombrotrophic peatlands receive inputs of nutrients 
only through atmospheric deposition and N fixa-
tion, making them more nutrient-limited than min-
erotrophic peatlands, which can also be supplied 
with nutrients in runoff and groundwater (Bridgham 
et  al. 1998). Our understanding of nutrient limita-
tion within peatland ecosystems has been heavily 
informed by fertilization experiments. However, 

the response of peatland vegetation to fertilization 
is often strongly dependent on site-level hydrology, 
alkalinity, and nutrient availability (Bridgham et  al. 
1996). Fertilization experiments conducted across a 
gradient of ombrotrophic to minerotrophic peatlands 
revealed tradeoffs between nutrient residence times in 
plants and nutrient allocation to productivity (Iversen 
et  al. 2010). At two ombrotrophic peatlands (bogs) 
in Sweden, fertilization treatments revealed that N 
and P can be co-limiting, with N limiting productiv-
ity in places where N deposition rates are low and 
P limiting productivity where N deposition rates are 
high (Aerts et  al. 1992). To understand the future C 
dynamics of bogs, it is therefore critically important 
to consider not only the availability of soil-derived N 
and P but also storage, turnover, deposition, and loss 
of these potentially co-limiting nutrients.

Stoichiometry, the relative balance of elements like 
N and P in ecosystem pools and fluxes, can provide 
valuable insight into the equilibrium between nutri-
ent demand and nutrient availability (Vitousek 1982; 
Sterner and Elser 2002). Plant stoichiometry has long 
been used to infer potential limitations of nutrient 
availability on rates of primary production (Güsewell 
2004). However, these stoichiometric models involve 
only the relative elemental ratios of ecosystem com-
ponents and can therefore be limited in their scope 
and interpretation (Reiners 1986). Though this sim-
plification can hide many important ecological pro-
cesses, stoichiometric models can be used to capture 
ecosystem outcomes across space and through time, 
as well as within the abiotic and biotic components of 
the ecosystem. Stoichiometric data are also relatively 
simple to obtain and are therefore widely available 
for parameterization. This flexibility is one reason 
why stoichiometric relationships are a crucial part of 
many Earth System Models (ESMs) as a way to rep-
resent nutrient mineralization, immobilization, and 
limitation to growth (Thomas et al. 2015; Achat et al. 
2016). Changes in nutrient availability and demand 
that are caused by shifts in plant community compo-
sition or altered climate can, however, alter ecosystem 
stoichiometry as plant functional types (PFTs) may 
respond differently to changing environmental condi-
tions (Elser et al. 2010).

Here we present detailed N and P nutrient budg-
ets and a stoichiometric analysis of a boreal ombro-
trophic bog located at the USDA Forest Service’s 
Marcell Experimental Forest in north central 
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Minnesota, USA. This northern peatland represents 
a globally relevant pool of soil C that may be vul-
nerable to accelerated decomposition under climate 
change (Wu et al. 2013; Hanson et al. 2020; Hopple 
et al. 2020). Carbon stored in peat has the potential to 
fuel a positive feedback to climate if released to the 
atmosphere in the form of carbon dioxide or methane 
(Frolking and Roulet 2007). Accurate representation 
of N and P cycling through the peat, vegetation, and 
water of ombrotrophic bogs is crucial part of develop-
ing mechanistic ESMs that produce sound long term 
climate projections. The goals of our analysis are 
therefore as follows:

1.	 Evaluate the distribution of N and P in an ombro-
trophic peatland ecosystem under ambient condi-
tions.

2.	 Quantify N and P fluxes into and out of the peat-
land ecosystem.

3.	 Contrast field observations of N and P cycling to 
pools and fluxes from land surface components of 
an ESM.

The resulting analysis will serve both as an 
important baseline for ESMs and an important ref-
erence point for quantifying changes in the N:P 
stoichiometry of this ombrotrophic bog in response 
to both gradual climate change in the region as well 
as experimental temperature and atmospheric CO2 
treatments currently being implemented at the site. 
Throughout this analysis, plant species are grouped 
into PFTs according to their functional similarity 
to facilitate comparison with ESM output. PFTs in 
the understory consist of forbs, sedges, and shrubs 
while trees make up the overstory. Sphagnum moss, 
a non-vascular PFT, has been developed as a new 
PFT in ELM-SPRUCE because of its crucial role in 
peatland ecology.

Methods

Site description

The USDA Forest Service Marcell Experimental For-
est (MEF) is located in Minnesota, USA (47° 30.476ʹ 
N; 93° 27.162ʹ W). The MEF has a mean annual tem-
perature of 3.5 °C, and precipitation averages 787 mm 

per year (Sebestyen et  al. 2021a, b). MEF is com-
prised of upland forests, fens, bogs, and lakes (Kolka 
et  al. 2011). This study took place in the S1 Bog, 
which is an 8.1-ha raised-dome, ombrotrophic peat-
land surrounded by a lagg zone. Upland waters con-
tribute water and nutrients to the lagg, but in the cen-
tral peatland, atmospheric deposition and N fixation 
provide the only nutrient inputs. The pH of the bog 
near-surface porewater ranges from 3.4–4.0 (Griffiths 
and Sebestyen 2016). The organic soils at the S1 Bog 
are typically 1–5 m in depth and are characterized as 
Dysic, frigid Typic Haplohemist (Greenwood series; 
http://​webso​ilsur​vey.​nrcs.​usda.​gov), indicating that 
the peat column is predominantly hemic in nature. 
The tree canopy at S1 Bog is approximately 8-m 
high and dominated by Picea mariana (Mill., black 
spruce, herein Picea) and Larix laricina (Du Roi, 
eastern larch, herein Larix). The understory consists 
of ericaceous shrubs (primarily Chamaedaphne caly-
culata (L.), Rhododendron groenlandicum (Oeder), 
Vaccinium angustifolium (Aiton)) and a dense cover-
ing of moss [Sphagnum magellanicum (Brid.), S. fal-
lax (H. Klinggr), S. angustifolium (Warnst), Polytri-
chum spp.] as well as various sedges and forbs.

The S1 Bog represents natural regrowth fol-
lowing experimental clear-cuts in 1969 and 1974 
(Sebestyen et  al. 2011). The plant community at S1 
Bog is likely continuing to stabilize following these 
clear-cuts since black spruce bogs in Alberta have 
taken 90  years to stabilize following fire (Wieder 
et al. 2009). Tree basal area at the S1 Bog, however, 
is similar to observations made prior to the clear-cuts 
(7 cm2  m−2; Verry 2018 data citation; Jensen et  al. 
2019). Carrying on MEF’s legacy of manipulative 
experiments, the S1 Bog is currently home to the 
U. S. Department of Energy’s Spruce and Peatland 
Responses Under Changing Environments (SPRUCE) 
Experiment. At SPRUCE, temperature and atmos-
pheric CO2 are manipulated in a regression design 
to inform our understanding of how this C-rich eco-
system will respond to future climate (Griffiths et al. 
2017; Hanson et al. 2017, 2020).

The present analysis encompasses conditions at the 
S1 Bog prior to the implementation of the SPRUCE 
manipulative treatments. Measurements were either 
made within the footprint of SPRUCE plots prior to 
treatment implementation or, in the case of ambient 
plots, represent an ongoing record of unmanipulated 
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conditions within plots that are not encircled by 
an enclosure (henceforth ‘ambient plots’). In a few 
instances, data from enclosed but unwarmed plots 
were used, as noted below. The spatial and temporal 
window over which N and P data are available var-
ies widely across datasets. Most measurements were 
compiled at the scale of SPRUCE plots: octagonal 
areas encompassing 66.4 m2 (Hanson et  al. 2017). 
The citations, plots, years, and units of replication for 
each measurement are listed in Table 1 and DOI links 
for publicly available data are listed under ‘Refer-
ences to data products and documentation.’

Peat stocks

In 2012, soil cores were collected in the SPRUCE 
plots to capture pre-treatment peat C and nutrient 
stocks (Table  1; Iversen et  al. 2014 data citation). 
Raised hummock and depressed hollow microtopo-
graphic features within each plot were cored (one core 
per feature), and cores were separated into roughly 
10-cm depth increments from 0–100  cm and 25-cm 
depth increments from 100–200  cm. The bottom 
of hollows was considered to have a depth of 0 cm. 
For each depth interval, water content, bulk density, 
and %N and %P were quantified. We assumed the 
first depth interval encompassed the living portion 
of the Sphagnum layer. Peat from the bottom of the 
live Sphagnum layer to a depth of 30 cm was consid-
ered part of the transiently oxic acrotelm. Peat from 
30–80 cm depths was considered the mesotelm tran-
sition zone, and peat from 80 to 200  cm depth was 
considered the anoxic catotelm [as in Verry et  al. 
(2011); Tfaily et  al. (2014)]. N and P stocks per m2 
of the live Sphagnum layer, acrotelm, mesotelm, and 
catotelm were calculated for both hummocks and hol-
lows within each plot. The hummock and hollow data 
per plot were then combined into area-weighted aver-
ages based on the average spatial coverage of hum-
mocks as determined by terrestrial lidar scans (67% 
hummock; Graham et al. 2019 data citation).

Tree biomass and production

Tree diameter at breast height (DBH) was annu-
ally surveyed in SPRUCE plots (Table  1; Hanson 
et  al. 2018a  data citation). Aboveground biomass 
for each year was calculated for each tree using 
site-specific allometric equations developed from 

individual tree harvests performed in 2010, 2011, 
and 2016. Linear allometric relationships were fit 
using ordinary least squares and the intercept was 
forced through zero:

where S is the model slope (units g m−3), BA is 
basal area measured at 1.3  m height (m2), H is tree 
height (m). These allometries (Supplemental Table 1) 
revise those reported by (Griffiths et  al. 2017) by 
adding 2016 harvest data and separating total above-
ground biomass by species and tissue type (total 
aboveground biomass, branch biomass, needle bio-
mass). Branch biomass included both needles and 
woody branch material. Bole biomass was therefore 
calculated as the total aboveground biomass minus 
branch biomass. Coarse-root biomass for Picea and 
Larix trees was calculated based on species-specific 
allometric equations developed for northern Mani-
toba, Canada by Bond-Lamberty et al. (2002).

Annual production of tree bole, woody branches, 
and coarse roots was considered the annual incre-
ment seen in these biomass pools. For deciduous 
Larix, annual production of needles was considered 
the entire needle biomass pool. For evergreen Picea, 
we assumed a 5-year needle lifespan (Lamhamedi and 
Bernier 1994; Jensen et  al. 2015) and assume that 
20% (one cohort) cycles annually. We did not take 
into account the production of woody litter or coarse 
woody debris as it is negligible in this relatively 
young, aggrading forest.

N and P content of tree biomass and net primary 
production (NPP) were calculated based on species-
specific %N and %P of leaves and woody tissues. 
Plant tissue chemistry data were from pretreatment 
surveys across the S1 Bog prior to the construction 
of the SPRUCE experiment as well as harvests in 
ambient SPRUCE plots (Table 1; Philips et al. 2017 
data citation, Jensen et al. 2018 data citation, Philips 
et  al. 2021 data citation). Calculations regarding 
tree fine-root biomass and productivity are detailed 
below.

Vascular understory biomass and production

Annual harvests of 0.25 m2 quadrats of understory 
vascular plants were performed at the S1 Bog as part 
of the SPRUCE experiment (Hanson et  al. 2018b 

Biomass = S × [BA × H]
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Table 1   Data sources, location, and timing of measurements at the S1 Bog

Variable References Access Years Plots Replicate unit n = 

Peat C, N and P 
stocks

Iversen et al. 
(2014 data cita-
tion)

https://​doi.​org/​10.​
3334/​CDIAC/​
spruce.​005

2012 4,5,6,7,8,9,10,11,13,14,15,16
,17,19,20,21

Plot 16

Hummock versus 
hollow micro-
topography

Graham et al. 
(2019 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
067/​15155​52

2016 Average across all plots used

Tree Above-
ground Biomass

Hanson et al. 
(2018adata 
citation)

https://​doi.​org/​10.​
25581/​spruce.​
051/​14338​36

2013–2020 1,2,3,5,7,9,12,14,15,18,21 Plot 11

2013–2015 4,6,8,10,11,13,16,17,19,20 Plot 10
Understory 

vascular plant 
aboveground 
biomass & 
production

Hanson et al. 
(2018b data 
citation)

https://​doi.​org/​10.​
25581/​spruce.​
052/​14338​37

2012–2015 2,4,6,8,10,11,13,16,17,19,20 Plot 11

2012–2018 5,7,9,14,15,21 Plot 6
Shrub coarse 

roots
Philips and 

Hanson
This paper 

Supplemental 
Table 2

2017 5,7,9,14,15,21 Plot 6

Fine root biomass Iversen et al. 
(2018a)

https://​doi.​org/​10.​
1007/​s11104-​
017-​3231-z

2012 4,13,16 Plot 3

Fine root produc-
tion: minirhizo-
tron measure-
ments

Iversen et al. 
(2018a)

https://​doi.​org/​10.​
1007/​s11104-​
017-​3231-z

2011–2012 Sampling locations A 
through F

Sampling loca-
tion

6

Fine root produc-
tion: ingrowth 
core measure-
ments

Iversen et al. 
(2021 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
091/​17824​83

2013 Sampling locations A 
through F

Sampling loca-
tion

6

Malhotra et al. 
(2020a, b)

https://​doi.​org/​
10.​1073/​pnas.​
20033​61117

2015–2016 7,21 Plot 2

Sphagnum bio-
mass

Iversen et al. 
(2014 data cita-
tion)

https://​doi.​org/​10.​
3334/​CDIAC/​
spruce.​005

2012 4,5,6,7,8,9,10,11,13,14,15,16
,17,19,20,21

Plot 16

Sphagnum pro-
duction

Norby and Childs 
(2018 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
049/​14264​74

2016–2017 7,21 Plot 2

Porewater total N 
& total P

Griffiths and 
Sebestyen 
(2016)

2011–2013 4,5,6,7,8,9,10,11,13,14,15,16
,17,18,19,20

Plot 14

Bulk deposition 
of total N

Sebestyen et al. 
(2020 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
085/​16643​97

2014–2018 Whole S1 bog Year 5

Bulk deposition 
of total P

Ppt volume 
Sebestyen et al. 
(2020 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
085/​16643​97

2014–2019 Whole S1 bog Year 6

TP concentration 
from published 
studies in the 
region

Literature Review 
(This paper 
Supplemental 
Table 4)
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data citation). Harvests were conducted annually in 
August, and vascular plant material was clipped at the 
green moss surface. All materials were then sorted by 

species, tissue type (stem versus leaf) and tissue age 
(current year versus older growth). Two harvests were 
performed per plot at paired hummock and hollow 

Table 1   (continued)

Variable References Access Years Plots Replicate unit n = 

Lateral outflow 
total N and 
Total P

Sebestyen et al. 
(2021a, b data 
citation)

https://​doi.​org/​10.​
25581/​spruce.​
088/​17751​42

2017–2018 6 Year 2

Annual nitrogen 
fixation

Carrell et al. 
(2019)

https://​doi.​org/​10.​
1111/​gcb.​14715

2017 6 Incubation 5

Hanson et al. 
(2015 data cita-
tion)

http://​dx.​doi.​
org/​10.​3334/​
CDIAC/​spruce.​
001

2011–2013 6 pretreatment sampling 
locations

Whole S1 bog 1

Q10 Urban and 
Eisenreich 
(1988)

https://​doi.​org/​10.​
1139/​b88-​069

1981–1982 Whole S2 bog Whole S2 bog

Denitrification Urban et al. 
(1988)

https://​doi.​org/​10.​
4319/​lo.​1988.​
33.​6part2.​1611

S2 Bog

Ammonia vola-
tilization

Bridgham (Sup-
plemental 
Fig. 2)

This paper 
Supplemental 
Fig. 2

2018, 2019 21 Plot 1

Seasonal snow 
cover & phenol-
ogy

Heiderman et al. 
(2018 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
054/​14441​06

2010–2017 Whole S1 bog Whole S1 bog 1

Foliar %N, %P Philips et al. 
(2017 data cita-
tion)

http://​dx.​doi.​
org/​10.​3334/​
CDIAC/​spruce.​
038

2009, 2012, 2013 Survey points, 7,21

Philips et al. 
(2021 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
090/​17806​04

2017–2018 5,7,9,14,15,21

Jensen et al. 
(2018 data cita-
tion)

https://​doi.​org/​10.​
3334/​CDIAC/​
spruce.​008

2010–2015 NA

Stem %N, %P Philips et al. 
(2021 data cita-
tion)

http://​dx.​doi.​
org/​10.​3334/​
CDIAC/​spruce.​
038

2009,2012,2013 Survey points, 7,21

Philips et al. 
(2021 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
090/​17806​04

2017–2018 5,7,9,14,15,21

Sphagnum %N 
and %P

Norby et al. 
(2020 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
084/​16473​61

2017 7,21

Fine root %N, %P Iversen et al. 
(2021 data cita-
tion)

https://​doi.​org/​10.​
25581/​spruce.​
091/​17824​83

2013

Malhotra et al. 
(2020a)

https://​doi.​org/​
10.​1073/​pnas.​
20033​61117

2015–2016 7,21
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locations to capture microtopographic variation. 
After sorting, tissues were oven-dried and weighed to 
determine aboveground biomass (g  m−2) and annual 
aboveground production (g m−2 year−1). These values 
were combined into an area-weighted average based 
on the spatial coverage of hummocks versus hol-
lows as described above. Data for shrub coarse-root 
biomass (diameter > 2 mm) was based on harvests of 
the surface peat layer performed on ambient 1.13 m2 
quadrats in 2017 (n = 6; Table 1; raw data in Supple-
mental Table 2). Aboveground, we found that annual 
production of new stems was 20% of the aboveground 
stem biomass pool (Hanson et  al. 2018b data cita-
tion). To calculate shrub coarse-root production, we 
assumed annual belowground coarse root production 
similarly made up 20% of the belowground coarse 
root pool. Coarse roots of ericaceous shrubs are gen-
erally considered structural tissues, similar to above-
ground stems (Klimešová et  al. 2018), so we felt 
this assumption was justified. Elemental content of 
understory aboveground biomass and production was 
calculated based on %N analysis of tissues from the 
2012, 2017, and 2018 understory harvests. %P data 
were from the compiled plant tissue chemistry dataset 
described above and in Table 1. Calculations regard-
ing understory fine-root biomass and productivity are 
detailed below.

Fine root biomass and production

Biomass of fine roots (< 2  mm diameter) at the S1 
Bog was reported by Iversen et al. (2018a). Fine-root 
biomass of hummocks and hollows was determined 
by sorting fine roots from a subset of the 2012 peat 
cores described above. Roots from Picea, Larix, 
shrubs, and graminoids were identified and separated. 
Live roots were differentiated from dead roots based 
on 14C age and were found exclusively within the 
acrotelm [0–30 cm; see Iversen et al. (2018a)]. Fine-
root biomass pools from hummocks and hollows were 
combined into an area-weighted average as described 
above.

Fine-root production was measured at the S1 
Bog using both minirhizotrons and ingrowth cores. 
Minirhizotron images were collected weekly at sam-
pling locations across the S1 Bog from 2011–2012, 
as described in Iversen et  al. (2018a). Tree, shrub, 
and sedge fine roots were differentiated visually, and 
productivity was calculated based on the appearance 

and elongation of fine roots through time. Production 
of fine roots was scaled to g m−2 ground area based 
on relationships between specific root length (m g−1) 
and root diameter for each PFT. We assumed a 2-mm 
image depth of view in these calculations (Johnson 
et al. 2001). Ingrowth cores have been deployed at S1 
Bog since 2013 and provide a measure of root pro-
duction within root-free peat (Iversen et  al. 2018a, 
2021; Malhotra et  al. 2020a, b data citation). We 
considered the sampling locations where paired hum-
mock and hollow minirhizotron tubes were installed 
to be spatial replicates for observations made prior to 
the delineation of SPRUCE plots (Table  1). Across 
these datasets, extreme heterogeneity in fine-root 
production was observed. Mean rates of production 
across years, methods, and microtopographic fea-
tures often differed by orders of magnitude and had 
standard deviations greater than the mean (mean 
values ranged from 9–75  g dry weight m−2  year−1, 
standard deviations ranged from 23–134 g dry weight 
m−2  year−1). There were no discernable patterns for 
hummocks versus hollows, across the two methods, 
or between years. We therefore included both meth-
ods in our analysis to capture as much variation as 
possible. Fine-root production measured by minirhi-
zotrons and ingrowth cores in hummocks and hollows 
was averaged across years and combined into area-
weighted averages based on spatial coverage of hum-
mocks versus hollows.

Tissues from newly-grown Picea, Larix, shrub 
and graminoid fine roots in ingrowth cores (Malhotra 
et al. 2020a, b) as well as S1 Bog voucher specimens 
(Iversen et al. 2021 data citation) were analyzed for 
%N and %P. Due to insufficient amounts of graminoid 
root tissue from the S1 Bog, we used %P data from 
graminoid roots in FRED 2.0, the Fine Root Ecology 
Database (Iversen et  al. 2018a data citation; https://​
roots.​ornl.​gov/). FRED was filtered for live graminoid 
roots growing above 45° N latitude. Average %N and 
%P of fine roots from trees, shrubs, and graminoids 
were multiplied by fine-root biomass and production 
to calculate pools and fluxes of fine root N and P.

Sphagnum production

Measurements of Sphagnum production at the S1 Bog 
are detailed in Norby et  al. (2019) and Norby et  al. 
(2018 data citation). Briefly, a patch of Sphagnum 
stems trimmed to 7-cm length was placed in a mesh 
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column with a diameter of 38  mm. Columns were 
inserted in the bog in October to maintain close con-
nection with the surrounding Sphagnum community. 
The columns were deployed for 1 year, after which 
the mass of new Sphagnum (beyond the initial 7-cm 
segment deployed) was measured. Dry matter incre-
ment from the columns was scaled up to whole plot 
(g m−2 year−1) based on surveys of percent fractional 
cover of Sphagnum. The %N and %P of Sphagnum 
tissues were measured in September of 2017 (Norby 
et al. 2020 data citation).

Interannual nutrient resorption and mobilization

Resorption of N and P (NRESORP and PRESORP) dur-
ing the senescence of plant leaves was calculated at 
S1 Bog based on resorption efficiencies reported in 
the literature and the assumptions that leaf biomass 
pools were at steady state over the measurement 
period. Resorption efficiencies for vascular plant spe-
cies at Mer Bleue Bog (Ontario, Canada) and Roseau 
County (Minnesota, USA) were averaged per PFT 
(Supplemental Table 3; Bares and Wali 1979; Wang 
et al. 2014a, b). In Sphagnum moss, nutrients are not 
translocated to a storage pool because growth occurs 
through continuous elongation of Sphagnum stems 
from the capitula. Nutrients in the capitula can either 
stay in place and be part of the newly elongated stem, 
or they can move vertically upward and be part of the 
new capitula (Aldous 2002a, b). A Sphagnum mobi-
lization term, akin to vascular plant resorption effi-
ciency, can therefore be calculated by comparing the 
nutrient content of capitula versus stems. Sphagnum 
capitula and stems were sampled in ambient plots 
in 2017 and 2018 and mobilization efficiency for N 
and P was calculated for each plot. Mobilization effi-
ciency was then multiplied by Sphagnum annual pro-
duction to get an annual flux of recycled nutrients 
within Sphagnum (NMOBILIZE, PMOBILIZE).

Porewater

The content of N and P in porewater at the S1 Bog is 
described in (Griffiths and Sebestyen 2016). Total N 
(TN) and Total P (TP; organic and inorganic species) 
were measured on porewater samples collected from 
piezometers at 6 depths per plot in 2011–2013. Pore-
water N and P concentrations were then converted 
to pools (g N or P m−2) as described in Griffiths and 

Sebestyen (2016). This calculation was based on the 
water-filled porosity of peat, which varied with depth. 
Pools from 0–2 m were considered in this analysis so 
that the depth of the porewater pool matched that of 
peat coring profiles.

Bulk deposition

Bulk deposition was collected at the S1 Bog following 
every precipitation event starting in 2013. The pre-
cipitation collector was placed in a gap in the canopy 
and sampled both wet and dry deposition. TN was 
multiplied by the volume of collected precipitation to 
calculate daily deposition (Sebestyen et al. 2020 data 
citation). Bulk deposition rates of TN measured at the 
S1 Bog were similar to wet plus dry deposition meas-
ured at EPA Castnet sites in Minnesota (0.55 g N m−2 
year−1 for 2000–2018; https://​www.​epa.​gov/​castn​et). 
This similarity supports our assertion that the precipi-
tation collector at the S1 Bog captured dry as well as 
wet deposition. To quantify the flux of TP in deposi-
tion, we measured TP on samples from the precipita-
tion collector. However, we found that 98% of meas-
urements were below our detection limit of 0.05 mg 
P L−1 (Supplemental Fig. 1). We therefore decided to 
use low, high, and “regional” concentrations multi-
plied by S1 Bog’s precipitation volume to understand 
the potential range of TP in deposition. The low con-
centration considered was 0.010  mg P L−1 and the 
high concentration was 0.075 mg P L−1. The regional 
concentration was derived from 19 sites in the upper 
Midwest and Ontario and equaled 0.039  mg P L−1 
(Supplemental Table 4).

Lateral outflow

Enclosed plots at the SPRUCE experiment have 
underground corrals installed from just above the peat 
surface down to the mineral soil below (Sebestyen 
and Griffiths 2016 data citation). These corrals 
hydrologically isolate each plot from the surrounding 
bog and two slotted pipes installed horizontally at the 
peat surface as well as at 40 cm depth to allow natu-
ral drainage of water from the acrotelm to a reservoir 
outside each corral (Griffiths and Sebestyen 2016). 
At the reservoir, lateral outflow volume was quanti-
fied, and water was collected for chemical analysis 
(Sebestyen et  al. 2021a, b data citation,  Sebestyen 
et al. 2017 data citation). TN and TP concentrations 
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were measured on weekly composited, subsam-
pled aliquots collected at 75-L volumetric intervals 
to accurately flow-weight outflow solutes. Ambi-
ent plots at SPRUCE do not have corrals installed, 
but the experimental SPRUCE plot maintained as a 
control for infrastructure installation, does. In addi-
tion to the belowground corral, this control plot has 
an aboveground enclosure and air blowing system but 
is not subjected to any warming or CO2 treatment. 
Only lateral outflow measured at the control plot 
from 2017–2018 is included in this analysis to ensure 
ample time for the peatland system to recover from 
infrastructure installation (2012–2015).

Nitrogen fixation

Acetylene reduction assays (ARAs) have been used 
to quantify annual N fixation at MEF (S2 Bog, Urban 
and Eisenreich 1988) but this method underestimates 
fixation by methanotrophs in peatland bogs (Vile 
et  al. 2014). 15N2 tracers provide a more accurate 
representation of N fixation in these ecosystems and 
have been employed by Carrell et al. (2019) and War-
ren et al. (2017) at the S1 Bog. Carrell et al. (2019) 
data were based on 3 day incubations of freshly col-
lected Sphagnum from the S1 Bog in 2017 (n = 5 
measurements from enclosed but unwarmed plots). 
These incubations took place in the lab at 25 °C and 
rates were consistent with incubations conducted 
over multiple seasons (Warren et  al. 2017) as well 
recent in-situ measurements of Sphagnum tissue from 
0–10  cm at S1 Bog (Petro et  al. unpublished data). 
In the latter, Sphagnum tissues from 0–10 cm depths 
were incubated for several days in vials inserted into 
the Sphagnum layer. Research by Warren et al. (2017) 
also showed nitrogenase activity was relegated to the 
top 10 cm of Sphagnum at S1 Bog. Given the consist-
ent rates of N fixation observed throughout the grow-
ing season and known depth of nitrogenase activity, 
we felt justified temporally and spatially scaling the 
N fixation rates from Carrell et  al. (2019). Daily N 
fixation was scaled from g dry Sphagnum tissue to 
m2 ground area based on the density of the top 10 cm 
of the Sphagnum layer (Norby and Childs 2018 data 
citation). Average daily temperatures measured at 
the Sphagnum surface were then calculated based on 
2011–2013 pre-treatment environmental monitoring 
data (n = 6 locations; Hanson et  al. 2015 data cita-
tion). The Q10 measured by Urban and Eisenreich in 

the adjacent S2 Bog (ARA method, 3.1 ± 1.3) was 
then used to temperature-correct daily N fixation for 
all days with average temperatures above freezing. 
The S2 Bog is a smaller, 3.2-ha ombrotrophic bog 
at the Marcell Experimental Forest with a similar 
pH and closed-canopy Picea overstory (Sebestyen 
et al. 2021a, b). Standard error (SE) associated with 
the reported annual N fixation rate was propagated 
from SE associated with the original N fixation rate 
reported by Carrell et al. (2019) as well as the error 
associated with Q10 from Urban and Eisenreich 
(1988).

Denitrification and ammonia volatilization

To quantify gaseous losses of N, fluxes of N2O 
and NH3 were measured in the field at the S1 Bog 
(Bridghamraw data in Supplemental Fig.  2). Nine 
40  cm-diameter collars were permanently installed 
outside of the SPRUCE plots with PVC covers. 
Fluxes of N2O and NH3 were measured in nine loca-
tions in S1 Bog over 2 days in September 2018 and 
3 days in June 2019 (Bridgham, Supplemental Fig. 2). 
During measurements, a Gasmet DX4040 Fourier-
transform infrared gas analyzer was connected to 
the chambers in a continuous closed-loop configu-
ration for 10–60  min and concentrations were aver-
aged every 30 or 60 s. Individual measurements were 
visually analyzed for the linear portion of fluxes. If 
the p-value of the increase in concentration over time 
was greater than 0.05, the flux was given a value of 
a zero. Although many flux rates were given a value 
of zero (9 of 22 measurements for N2O, 16 of 21 
for NH3), detection levels for a significant flux were 
quite good (N2O = 0.9 nmole N m−2 min−1, NH3 = 3.8 
nmole N m−2  min−1). Measured rates for NH3 aver-
aged 0.002 ± 0.001 µmole N m−2  min−1 but rates for 
N2O were not distinguishable from zero and were fre-
quently negative, indicating net consumption of N2O 
(Supplemental Fig. 2). Given the fact that the meas-
ured N2O fluxes spanned zero, we deemed it inappro-
priate to scale this rate up to an annual denitrification 
rate. We instead considered the range of observed 
denitrification reported by Urban et  al. (1988) from 
the S2 Bog. They used acetylene inhibition methods 
with an in situ chamber to sample fluxes from unsatu-
rated peat over a period of 24 h. The rates reported by 
Urban et  al. ranged from 0.3–2.8 µg N  m−2  h−1. To 
scale these rates from hourly to annual time periods, 
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we assumed the rate was applicable to the average 
snow-free period at the S1 Bog (234  days; Heider-
man et  al. 2018 data citation). The resulting rates 
ranged from 0.002 to 0.013 g N  m−2 year−1, similar 
to annual rates generated from acetylene inhibition 
lab incubations for S2 Bog by Hill et al. (< 0.001 to 
0.020  g  N  m−2 year−1; 2016). Acetylene inhibition 
methods have been shown to underestimate denitri-
fication in low-nitrate ecosystems like low-N bogs 
(Groffman et  al. 2006; Sgouridis et  al. 2016). How-
ever, the fact that field measurements of N2O fluxes 
at the S1 Bog were indistinguishable from zero buoys 
our assertion that denitrification is extremely low at 
this site. Field measurements of gaseous losses of 
NH3 were positive (Supplemental Fig.  2) and were 
therefore scaled up to an annual rate based on the 
same 234-day snow-free period described above.

Modeling N & P in ELM‑SPRUCE

We used ELM-SPRUCE, a version of the Energy 
Exascale Earth System Model (E3SM) land model 
(ELM) that was designed for simulating peatland eco-
systems such as the SPRUCE site. ELM-SPRUCE 
includes ombrotrophic bog hydrology, hummock and 
hollow microtopography, and peat profile dynam-
ics (ELM-SPRUCE; Shi et  al. 2015; Griffiths et  al. 
2017). ELM-SPRUCE also includes C-N-P interac-
tions and storage pools as well as site-specific param-
eterization of bog PFTs, including Sphagnum mosses, 
shrubs, evergreen needleleaf trees, and deciduous 
needleleaf trees (Shi et  al. 2015, 2021; Yang et  al. 
In prep). ELM-SPRUCE was parameterized using 
the observed N and P concentrations of leaves and 
assumed a 50% resorption rate for leaf litter for all 
PFTs (Yang et al. In prep; stoichiometric parameters 
listed in Supplemental Table 5). The model was spun 
up by continuously cycling the 2011–2017 meteoro-
logical forcing data from the weather station at the 
S1 Bog with preindustrial CO2 concentrations and 
N deposition. The weather station was outside of the 
SPRUCE enclosures and therefore was not impacted 
by the experimental warming treatments that began in 
2015. After spin-up, a historical transient simulation 
from 1850 through 2017 was run and model outputs 
from 2012–2017 were averaged. Modeled N and P 
pools and fluxes of trees (Picea versus Larix), Sphag-
num mosses, and shrubs under ambient conditions 
are presented in this analysis. Together these PFTs 

represented 99% of biomass and 93% of NPP at the 
S1 Bog (Tables 2 and 3).

Data analysis

N and P pool data were compiled from peat cores, 
porewater, and biomass at the S1 Bog to establish the 
distribution of N and P across this ecosystem. Within 
biomass data, the number of replicates differed for tis-
sues and for understory plants, trees, and Sphagnum 
mosses (Table 1). In our initial analysis of ecosystem 
N and P pools, we considered tissue-specific pools of 
N and P in plant biomass so that the variation around 
mean could be directly assessed. To explore vegeta-
tion nutrient dynamics more fully, whole-plant pools 
of N and P were calculated for each PFT. For above-
ground biomass and coarse tree roots, the number of 
plots measured was high (n = 16 to 21). Coarse shrub 
roots and fine roots of all PFTs, however, were meas-
ured at fewer locations (n = 3 to 6). Observations of 
above- and belowground tissues were not collected 
at the exact same locations or on the same spatial 
scale. As a result, average biomass values for coarse 
shrub roots and fine roots were added to plot-level 
pools of aboveground tissues and tree coarse roots to 
get whole-plant N and P pools. Variation around the 
mean therefore reflects variation in aboveground tis-
sues and tree coarse roots.

N and P required for production of new biomass 
are referred to as NREQ and PREQ in this analysis and 
were calculated as the sum of N and P in annually-
produced tissues for each PFT. Similar to the calcula-
tions of whole-plant biomass N and P, NREQ and PREQ 
included cross-plot averages for fine-root productiv-
ity. Coefficients of variation for whole-plant N and 
P pools as well as NREQ and PREQ therefore included 
spatial heterogeneity of aboveground biomass and 
coarse tree roots but did not include spatial variation 
of shrub coarse roots or fine roots of trees or shrubs.

To enable an estimate of annual N and P cycles 
for the S1 Bog, we assumed biomass at the S1 Bog 
was relatively stable during the measurement period 
(roughly 2009–2018). Though the S1 Bog does rep-
resent a regrowth stand, we assumed that the rapid 
regrowth period had ended (see Site Description). 
Biomass pools were assumed to be constant through 
time and we calculated annual N and P uptake 
(NUPTAKE, PUPTAKE) for each vascular PFTs based on 
the following equations:
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These equations assumed that all nutrients 
resorbed during senescence were mobilized for 
new growth in the following year. For Sphagnum, 
NRESORP and PRESORP were replaced by NMOBILIZE 
and PMOBILIZE in the equations above (see Interannual 
Nutrient Resorption and Mobilization above). For all 
PFTs, mean residence time (in years) for N and P was 
calculated as:

NUPTAKE = NREQ − NRESORP

PUPTAKE = PREQ − PRESORP

NRESIDENCETIME =
BiomassN

NUPTAKE

Biomass N and P as well as NREQ and PREQ from 
the empirical dataset were compared to model 
output from ELM-SPRUCE. ELM-SPRUCE rep-
resented deciduous and evergreen trees with sepa-
rate PFTs, so data for Larix and Picea species were 
presented separately in this analysis. Rates of tree 
fine-root production were not separated by spe-
cies in Iversen et al. (2018a; b), so we assumed the 
ratio of Larix to Picea fine-root production matched 
that seen in Larix and Picea fine-root biomass 
pools. Modeled versus field data were fit with lin-
ear models with free intercepts to assess correla-
tions between field observations and ELM-SPRUCE 
output.

PRESIDENCETIME =
BiomassP

PUPTAKE

Table 2   Ecosystem pools of N and P in peat, biomass, and porewater

Means are presented ± standard error based on spatial (but not temporal) replicates. Values over 100 g m−2 were rounded to the near-
est whole number. Different letters within groups denote significant differences across pools for either N or P. Significance is based 
on estimated marginal means and α = 0.05

Ecosystem component n =  N pool (g N m−2 ± SE) P pool (g P m−2 ± SE) N PoolSpatial 
CV (%)

P PoolSpatial 
CV (%)

Peat
  Catotelm (80–200 cm) 16 4604 ± 134A 127 ± 10A 11.62 29.76
  Mesotelm (30–80 cm) 16 1903 ± 115B 56.22 ± 3.93B 24.12 27.93
  Acrotelm (0–30 cm) 16 337 ± 57C 17.13 ± 2.24C 68.10 52.37
  Porewater 16 0.60 ± 0.04J 0.05 ± 0.00I 26.31 42.47

Biomass
  Sphagnum 16 29.24 ± 1.98D 1.95 ± 0.14D 27.02 27.89
  Tree bole 21 5.61 ± 0.56E 0.66 ± 0.07E 45.76 45.73
  Tree branch 21 3.88 ± 0.39EF 0.45 ± 0.05EF 45.81 45.77
  Tree leaf 21 2.93 ± 0.30FG 0.26 ± 0.03G 46.47 47.41
  Tree fine root 3 2.11 ± 0.63FGH 0.24 ± 0.07FGH 51.37 50.65
  Tree coarse root 21 1.22 ± 0.08HI 0.14 ± 0.01H 29.01 28.77
  Understory leaf 17 3.15 ± 0.19FG 0.20 ± 0.01GH 24.59 25.20
  Understory fine root 3 2.37 ± 0.48EFGH 0.21 ± 0.04FGH 35.40 35.40
  Understory stem 17 2.26 ± 0.25G 0.19 ± 0.02GH 46.24 42.70
  Understory coarse root 6 0.63 ± 0.07IJ 0.06 ± 0.01I 25.70 25.70

Peat total 6845 ± 185 200 ± 10
Biomass total 51.68 ± 2.28 4.23 ± 0.18
Tree total 15.75 ± 0.98 1.76 ± 0.11
Understory total 8.42 ± 0.58 0.66 ± 0.05
Ecosystem total 6897 ± 185 204 ± 10
Tree ratio of above: below 3.72 ± 0.74 3.62 ± 0.70
Understory vascular plant above: below 1.80 ± 0.31 1.49 ± 0.26
Total vascular plant above: below 2.81 ± 0.38 2.74 ± 0.37

Plant Soil (2021) 466:649–674 659



1 3

Ta
bl

e 
3  

N
 a

nd
 P

 in
 p

la
nt

 fu
nc

tio
na

l t
yp

es
 (P

FT
s)

 a
t t

he
 S

1 
B

og

M
ea

ns
 a

re
 p

re
se

nt
ed

 ±
 st

an
da

rd
 e

rr
or

 b
as

ed
 o

n 
sp

at
ia

l (
bu

t n
ot

 te
m

po
ra

l) 
re

pl
ic

at
es

. N
R

EQ
 a

nd
 P

R
EQ

 a
re

 a
nn

ua
l fl

ux
es

 o
f 

N
 a

nd
 P

 in
 p

ro
du

ct
io

n 
of

 n
ew

 b
io

m
as

s. 
N

R
ES

O
R

P 
an

d 
P R

ES
O

R
P 

ar
e 

th
e 

N
 a

nd
 P

 re
so

rb
ed

 fr
om

 le
av

es
 d

ur
in

g 
se

ne
sc

en
ce

. F
or

 S
ph

ag
nu

m
, w

e 
ca

lc
ul

at
ed

 th
is

 a
s 

N
M

O
B

IL
IZ

E 
an

d 
P M

O
B

IL
IZ

E 
ba

se
d 

on
 th

e 
di

ffe
re

nc
e 

be
tw

ee
n 

nu
tri

en
t c

on
ce

n-
tra

tio
ns

 in
 o

ld
 a

nd
 n

ew
 g

ro
w

th
 (v

al
ue

s m
ar

ke
d 

w
ith

 a
ste

ris
k)

. N
U

PT
A

K
E 

an
d 

P U
PT

A
K

E 
ar

e 
es

tim
at

ed
 u

pt
ak

e 
of

 N
 a

nd
 P

 fr
om

 so
il 

(n
ut

rie
nt

 re
qu

ire
m

en
t m

in
us

 re
so

rp
tio

n)
. R

es
id

en
ce

 
tim

e 
is

 th
e 

bi
om

as
s p

oo
l d

iv
id

ed
 b

y 
up

ta
ke

 ra
te

 fo
r e

ac
h 

nu
tri

en
t. 

Su
pe

rs
cr

ip
t l

et
te

rs
 in

di
ca

te
 st

at
ist

ic
al

ly
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s b

et
w

ee
n 

PF
Ts

 b
as

ed
 o

n 
K

ru
sk

al
–W

al
lis

 ra
nk

 su
m

s 
(α

 =
 0.

05
). 

Th
er

e 
w

as
 a

 sm
al

l p
oo

l o
f u

ni
de

nt
ifi

ed
 p

la
nt

 sp
ec

ie
s n

ot
 in

cl
ud

ed
 in

 P
FT

-le
ve

l a
na

ly
si

s b
ut

 a
re

 in
 T

ab
le

 2
 p

oo
ls

 (<
 0.

2%
 o

f t
ot

al
 b

io
m

as
s)

B
io

m
as

s N
N

R
EQ

N
R

ES
O

R
P

N
R

ES
O

R
P

N
U

PT
A

K
E

N
 R

ES
ID

EN
C

E 
TI

M
E

n =
 

M
ea

n ±
 S

E 
(g

 
N

 m
−

2 )
C

V
 (%

)
n =

 
M

ea
n ±

 S
E 

(g
 N

 m
−

2  
ye

ar
−

1 )

C
V

 (%
)

n =
 

M
ea

n ±
 S

E 
(g

 N
 m

−
2  

ye
ar

−
1 )

C
V

 (%
)

n =
 

M
ea

n ±
 S

E 
(%

 o
f N

R
EQ

)
C

V
 (%

)
n =

 
M

ea
n ±

 S
E 

(g
 N

 m
−

2  
ye

ar
−

1 )

C
V

 (%
) 

n =
 

M
ea

n ±
 S

E 
(y

ea
r)

C
V

 (%
)

Sp
ha

gn
um

16
29

.2
4 ±

 1.
98

 
A

27
.0

2
2

4.
65

 ±
 2.

30
 

A
B

69
.8

7
2

1.
55

 ±
 0.

86
 

A
B

*
78

.4
7

2
32

.0
4 ±

 2.
68

 
A

B
*

11
.8

4
2

3.
10

 ±
 1.

44
 

A
B

65
.5

7
2

13
.9

4 ±
 8.

16
 

A
B

C
82

.7
8

Tr
ee

21
15

.7
7 ±

 1.
29

 
A

B
37

.4
2

21
2.

60
 ±

 0.
16

 A
28

.1
4

21
0.

73
 ±

 0.
08

 A
49

.1
5

21
26

.8
7 ±

 1.
52

 
A

B
25

.8
5

21
1.

86
 ±

 0.
09

 A
21

.8
21

8.
31

 ±
 0.

45
 

A
B

25
.0

7

Sh
ru

b
17

6.
85

 ±
 0.

34
 

B
C

20
.4

8
17

2.
70

 ±
 0.

16
 A

24
.5

4
17

0.
65

 ±
 0.

04
 A

28
.4

3
17

23
.7

6 ±
 0.

29
 

A
5.

1
17

2.
05

 ±
 0.

12
 A

23
.3

3
17

3.
37

 ±
 0.

08
 B

9.
42

Se
dg

e
17

0.
34

 ±
 0.

05
 

C
D

59
.7

9
17

0.
46

 ±
 0.

05
 

B
C

44
.5

7
17

0.
17

 ±
 0.

03
 

B
C

60
.8

6
17

33
.5

1 ±
 2.

11
 

B
25

.9
4

17
0.

29
 ±

 0.
03

 
B

C
35

.2
2

17
1.

06
 ±

 0.
08

 
C

D
31

.2
9

Fo
rb

17
0.

27
 ±

 0.
03

 D
51

.8
4

17
0.

27
 ±

 0.
03

 C
51

.8
4

17
0.

01
 ±

 0.
00

 C
59

.6
3

17
4.

19
 ±

 0.
50

 C
49

.0
5

17
0.

25
 ±

 0.
03

 C
51

.0
1

17
1.

05
 ±

 0.
00

 D
0

B
io

m
as

s P
P R

EQ
P R

ES
O

R
P

P R
ES

O
R

P
P U

PT
A

K
E

P 
R

ES
ID

EN
C

E 
TI

M
E

n =
 

M
ea

n ±
 S

E 
(g

 
P 

m
−

2 )
C

V
 (%

)
n =

 
M

ea
n ±

 S
E 

(g
 P

 m
−

2  
ye

ar
−

1 )

C
V

 (%
)

n =
 

M
ea

n ±
 S

E 
(g

 P
 m

−
2  

ye
ar

−
1 )

C
V

 (%
)

n =
 

M
ea

n ±
 S

E 
(%

 o
f P

R
EQ

)
C

V
 (%

)
n =

 
M

ea
n ±

 S
E 

(g
 P

 m
−

2  
ye

ar
−

1 )

C
V

 (%
)

n =
 

M
ea

n ±
 S

E 
(y

ea
r)

C
V

 (%
)

Sp
ha

gn
um

16
1.

95
 ±

 0.
14

 A
27

.8
9

2
0.

35
 ±

 0.
12

 
A

B
46

.8
7

2
0.

13
 ±

 0.
05

 
A

B
*

58
.2

3
2

35
.3

4 ±
 3.

29
 

A
B

*
13

.1
6

2
0.

22
 ±

 0.
06

 
A

B
40

.3
6

2
12

.0
6 ±

 4.
80

 
A

56
.2

5

Tr
ee

21
1.

76
 ±

 0.
14

 A
37

.3
21

0.
26

 ±
 0.

01
 A

25
.6

8
21

0.
04

 ±
 0.

00
 A

54
.7

9
21

13
.4

9 ±
 1.

09
 

B
36

.8
8

21
0.

23
 ±

 0.
01

 A
22

.9
2

21
7.

65
 ±

 0.
38

 A
22

.6

Sh
ru

b
17

0.
56

 ±
 0.

03
 B

18
.4

4
17

0.
20

 ±
 0.

01
 A

23
.5

1
17

0.
03

 ±
 0.

00
 A

28
.4

3
17

15
.2

0 ±
 0.

24
 

B
6.

45
17

0.
17

 ±
 0.

01
 A

22
.7

3
17

3.
44

 ±
 0.

08
 A

9.
28

Se
dg

e
17

0.
03

 ±
 0.

00
 

B
C

56
.3

6
17

0.
03

 ±
 0.

00
 

B
C

43
.6

1
17

0.
01

 ±
 0.

00
 

B
C

56
.4

6
17

36
.8

7 ±
 2.

05
 

A
22

.8
8

17
0.

02
 ±

 0.
00

 
B

C
34

.5
9

17
1.

16
 ±

 0.
08

 B
29

.7
8

Fo
rb

17
0.

01
 ±

 0.
00

 C
54

.8
3

17
0.

01
 ±

 0.
00

 C
54

.8
3

17
0.

00
 ±

 0.
00

 C
63

.7
17

12
.2

9 ±
 1.

50
 

B
50

.2
2

17
0.

01
 ±

 0.
00

 C
53

.7
6

17
1.

19
 ±

 0.
00

 B
0.

4

Plant Soil (2021) 466:649–674660



1 3

All graphing and statistics were performed in R 
version 4.0.0 (R Core Team 2020). For ecosystem 
pools of N and P as well as vegetation pools and 
fluxes, multiple years of data were available for only a 
few variables, notably aboveground biomass and pro-
duction. In these instances, pools and fluxes per plot 
were calculated as the average across years. Spatial, 
but not temporal, variation was therefore considered. 
The coefficient of variation (CV) across spatial rep-
licates was then calculated as the standard deviation 
divided by the mean and was expressed as a percent 
(×100).

For bulk deposition and lateral outflow of N and 
P at the S1 Bog, measurements were not spatially 
replicated but did take place over several years. For 
these fluxes, we therefore took into account tempo-
ral but not spatial variation. Standard error associ-
ated with these fluxes was calculated using years as 
replicate observations. Net annual fluxes of N and P 
were calculated by summing annual inputs and out-
puts from the ecosystem and propagating error asso-
ciated with this sum. To understand the seasonal pat-
terns driving annual budgets of N and P, we looked at 
cumulative daily deposition, outflow, and N fixation. 
Cumulative daily deposition and outflow data were 
from 2017–2018 only since these were the only years 
of overlapping data. Cumulative daily N fixation rates 
were described above (see Nitrogen Fixation).

To compare the size of ecosystem N and P pools, 
one-way analysis of variance (ANOVA) was per-
formed on log transformed data to improve nor-
mality. Marginal means from this ANOVA model 
were then estimated for each pool or flux and com-
pared based on Tukey comparisons with α = 0.05 
(emmeans package). Estimated marginal means take 
into account unbalanced sample design by calculating 
unweighted averages across pools (Searle et al. 1980). 
When investigating nutrients in biomass, production, 
resorption, and uptake across PFTs, we opted to use 
a non-parametric test due to non-normal distribution 
of the data. We performed Kruskal–Wallis rank sums 
along with a post-hoc Dunn test based on Bonferroni 
adjusted p-values for comparisons between groups.

To understand the relative importance of N and 
P in the S1 Bog ecosystem, we looked at the mass-
based ratio of N to P (N:P) within plant biomass. 
This ratio can indicate whether N or P is limiting key 
biological processes within the plant, but there are 
limitations to inference one can draw from N:P since 

this ratio can vary with age, tissue, and growth form 
(Güsewell 2004). N:P of whole plants can, however, 
be used as a relative metric for the nutrient status of 
plants, with lower values indicating a greater scarcity 
of N compared to plant demand and higher values 
indicating a greater scarcity of P compared to plant 
demand. In wetland plants, N:P mass-based ratios 
over 16 has been shown to signify P limitation, while 
N:P under 14 signifies N limitation (Koerselman and 
Meuleman 1996; Güsewell and Koerselman 2002). 
These values, however, should be considered broad 
indicators along the spectrum of N to P limitation 
rather than absolute thresholds. We compared the N:P 
in plant biomass and NREQ:PREQ across PFTs using 
estimated marginal means.

Results

Pools of N and P

Analysis of the various ecosystem N and P pools 
showed that the peat stored an overwhelming 
majority of these two nutrients in S1 Bog (Fig.  1, 
Table 2). Peat stored 6845 ± 185 g N m−2 which was 
99.2 ± 3.8% of ecosystem N. P in peat was a smaller 
pool (200 ± 10 g m−2) but made up a similar percent-
age of ecosystem P (97.9 ± 7.2%). Peat at the S1 Bog 
had an overall N:P ratio of 34.2 ± 2.0, and the spatial 
coefficient of variation (i.e., CV) of peat N and P was 
lower in the catotelm than in the acrotelm (Table 2).

Among the plant components of the ecosystem, 
Sphagnum stored 29.2 ± 2.0 g N m−2 and 2.0 ± 0.1 g 
P m−2. These pools made up close to half of veg-
etation biomass N and P for the whole ecosystem 
(54.8 ± 4.4% and 44.6 ± 3.7%, respectively). The 
Sphagnum N pool was almost twice as large as the 
tree N pool (29.2 ± 2.0 versus 15.8 ± 1.0 g N  m−2, p 
value < 0.001). Phosphorus, on the other hand, was 
more evenly distributed between Sphagnum and trees 
(Sphagnum 2.0 ± 0.1 g P m−2, tree 1.8 ± 0.1 g P m−2). 
Interestingly, the spatial CV of Sphagnum N and P 
was also low compared to the acrotelm (Table 2). For 
both N and P, understory plants stored about 15% of 
the total biomass nutrient pools (15.8 ± 1.3% biomass 
N, and 15.2 ± 1.3% biomass P).

The fine-root N pool of trees was similar in 
size to leaf N pools (2.1 ± 0.6  g  N  m−2 versus 
2.9 ± 0.3  g  N  m−2). P pools in tree fine roots and 
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leaves were also similar in size (0.2 ± 0.1  g P m−2 
versus 0.3 ± 0.0  g P m−2). In understory plants, 
which include shrubs, sedges, graminoids and 
forbs, fine roots stored more N than coarse roots 
(2.4 ± 0.5  g  N  m−2 versus 0.6 ± 0.1  g  N  m−2; p 
value = 0.001) and stored a similar amount of N as 
stems (2.3 ± 0.3 g N m−2). Phosphorus in understory 
plants had a similar distribution, with fine roots stor-
ing more P than coarse roots (0.2 g P m−2 versus 0.1 g 
P m−2; p value = 0.001) and a similar amount to stems 
(0.2 g P m−2).

At S1 Bog, understory plants stored proportionally 
more N and P belowground than trees did (Table 2; 
Fig.  1). Above-to-belowground ratios of biomass N 

were 1.8 ± 0.3 for the understory and 3.7 ± 0.7 for 
trees (p value < 0.001). Above-to-belowground ratios 
of biomass P mirrored this pattern with 1.5 ± 0.3 for 
understory and 3.6 ± 0.7 for trees (p value < 0.001).

Ecosystem fluxes: annual versus seasonal balance

Annual fluxes for N and P into and out of the S1 
Bog indicate that the ecosystem is a slight sink 
for N but is neither accumulating nor losing P 
(Fig.  2). Nitrogen inputs included both deposition 
as well as N fixation, with the latter making up 
about one-third of total N inputs to the ecosystem. 
N losses included lateral outflow, denitrification, 

Fig. 1   N and P pools 
across biotic and abiotic 
components of the S1 Bog 
ecosystem. Area of the 
boxes for each N and P 
pool reflect pool sizes. Note 
the different scales used to 
depict storage of these two 
nutrients: the total ecosys-
tem N pool is 33 × larger 
than the ecosystem P pool
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and ammonia volatilization and were driven almost 
exclusively by lateral outflow. The annual net flux 
of N accumulating in the S1 Bog ecosystem was 
0.2 ± 0.1 g N m−2 year−1 whether high or low rates 
of denitrification were considered (Fig.  2A). Deni-
trification reported in our study was based on rates 
reported in Urban et  al. (1988) and were lower 
than annual rates in Urban and Eisenreich (1988; 
0.18  g  N  m−2 year−1). This difference is likely 
because Urban and Eisenreich’s rate was charac-
terized as potential denitrification based on total 

nitrate in throughfall at the S2 Bog rather than 
actual measurements.

Our best estimate of P deposition based on 
reported TP concentrations in the region was 0.03 g 
P m−2 year−1 but it is possible this rate could be as 
low as 0.01 or as high as 0.07 g P m−2 year−1 based 
on range of concentrations in samples from S1 Bog 
(Fig.  2B, See Bulk Deposition and Supplemental 
Table 4). If the regional estimate for P deposition is 
considered, the net flux of P at the S1 Bog is zero and 
the ecosystem is neither a sink nor a source for P. If 

Fig. 2   Annual fluxes of 
nitrogen (A) and phospho-
rus (B) entering and leaving 
the S1 Bog. Error bars 
represent standard error. 
Positive values represent 
inputs while negative values 
represent losses from the 
ecosystem and net fluxes 
were calculated as the sum 
of all inputs and losses. In 
(A), high and low net fluxes 
included high versus low 
denitrification. In (B), high, 
best, and low net fluxes 
included high, regional, 
or low rates of deposition, 
respectively
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the low or high-end estimates of P deposition are con-
sidered, the ecosystem is either losing or gaining P 
at 0.03 g P m−2 year−1. Given the fact that precipita-
tion samples collected at S1 Bog were near or below 
the detection limit, however, we do not consider the 
high or low-end rates of P deposition to be plausible. 
They do, however, provide important context for the 
literature-derived regional estimate and assure us that 
this rate is within the range of expected values for the 
S1 Bog.

Though the net annual fluxes of both N and P were 
low, there were seasonal differences in the cumulative 
daily fluxes of these two nutrients (Fig. 3). During the 
snow-covered periods of the year, N in atmospheric 
deposition was greater than N lost in lateral outflow, 
and thus N tended to accumulate in the ecosystem 
(Fig.  3A). Following snow melt, some N was trans-
ported downstream via lateral outflow, but N con-
tinued to accumulate in the ecosystem, especially in 
the late growing season. The seasonal dynamics of N 
accumulation were due in part to contributions of N 
fixation, which were greatest during the peak grow-
ing season when temperatures were highest. During 
fall senescence, N losses dominated until snow cover 
returned. The seasonality of P fluxes, in contrast, 
did not include a strong springtime accumulation 
(Fig. 3B). Instead, accumulation of P took place early 
in the year during snow-cover as well as late in the 
growing season.

Relative N and P across plant functional types

At the S1 Bog, the N:P of PFTs varied from 9 to 29 
(Fig. 4). Forbs had the highest N:P, followed by the 
Sphagnum layer. Sedges and shrubs had a lower N:P 
than Sphagnum and the lowest N:P was seen in trees. 
Across all PFTs, the N:P of plant biomass at the S1 
Bog was approximately 12.

NREQ and PREQ were defined as the nutrients 
in annually-produced plant tissues and totaled 
10.7 ± 2.3 g N  m−2 y−1 and 0.9 ± 0.1 g P m−2 y−1 at 
the S1 Bog (Table  3). Sphagnum, trees, and shrubs 
had statistically indistinguishable NREQ and PREQ 
fluxes (Table 3, Fig. 5). We observed very high spatial 
variation in Sphagnum NREQ and PREQ (CVs of 69.9% 
and 46.9% respectively, compared with 28.1% and 
25.7% for tree NREQ and PREQ). Trees had the lowest 
ratio of NREQ to PREQ; Sphagnum, shrubs, and sedges 
had intermediate values; and forbs had the highest 

ratio (Fig. 5). Across PFTs, the ratio of NREQ to PREQ 
was significantly higher than the N:P of whole-plant 
biomass (paired two tailed t-test, p value < 0.001).

NREQ and PREQ were met by a combination of nutri-
ents resorbed from leaves during senescence (NRESORP 
and PRESORP) and uptake of nutrients (NUPTAKE and 
PUPTAKE). When comparing PFTs, NRESORP of Sphag-
num, trees, and shrubs were similar in magnitude 
(1.6 ± 0.9, 0.7 ± 0.1, and 0.7 ± 0.0  g  N  m−2 year−1 
respectively). These three PFTs also had compara-
ble PRESORP (Table 3). Forbs and sedges had the low-
est NRESORP and PRESORP fluxes, though for sedges, 

Fig. 3   Average daily cumulative fluxes of nitrogen (A) and 
phosphorus (B) in deposition, fixation, and lateral outflow at 
the S1 Bog. Grey shaded regions around lines represent the 
standard error calculated based on interannual variation in 
cumulative daily fluxes. P deposition rates were calculated 
based on regional values for total phosphorus concentrations 
(Fig.  2). Denitrification and ammonia emissions are not pic-
tured. Rectangles shaded in blue denote the typical snow- cov-
ered period of the year
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these fluxes provided a greater proportion of NREQ 
and PREQ (33.5 ± 2.1% of sedge NREQ compared to 
4.2 ± 0.5% of forb NREQ; 36.9 ± 2.1% of sedge PREQ 
compared to 12.3 ± 1.5% of forb PREQ). In trees, 

shrubs, and Sphagnum, NRESORP and PRESORP sup-
ported a similar percentage of NREQ and PREQ fluxes 
(Table 3). In both trees and shrubs, NRESORP provided 
a greater percent of NREQ than PRESORP provided for 

Fig. 4   Whole-plant biomass N versus P by plant functional 
type. Panel B is a re-scaled view of the area within the black 
box outlined in panel A. In both A and B, points represent 
plot-level observations and the orange area highlighted as “P 
limited” corresponds to N:P ratios of over 16 while the green 

area highlighted as “N-limited” corresponds to N:P ratios 
under 14 (see “Methods”). Different superscript letters in the 
legend denote significant differences between plant functional 
type N:P ratios based on estimated marginal means (α < 0.05)

Fig. 5   NREQ versus PREQ 
across plant functional 
types. Each point represents 
plot-level observations of N 
and P in annual net primary 
productivity. Density plots 
for NREQ and PREQ depict 
mean values per functional 
type with dashed lines. 
Superscript letters in the 
color-coded legend at the 
top right denote significant 
differences between N:P 
ratios of plant functional 
types based on estimated 
marginal means (α < 0.05). 
Different superscript letters 
on labels for the density 
plots denote significant dif-
ferences in NREQ and PREQ 
based on Kruskal–Wallis 
rank sums (α = 0.05)
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PREQ (paired t-tests, p values both < 0.001). Across all 
PFTs, uptake made up a majority of NREQ and PREQ 
(70.7% of NREQ and 76.5% of PREQ; Fig. 1). Similar 
to the pattern seen in NRESORP and PRESORP, fluxes 
of NUPTAKE and PUPTAKE were highest in Sphagnum, 
trees, and shrubs and lowest in sedges and forbs.

Across vascular PFTs, NRESIDENCE TIME was higher 
than PRESIDENCE TIME (Table  3, paired two tailed 
t-tests, p value = 0.02) but when Sphagnum was con-
sidered, this pattern was no longer statistically signifi-
cant (p = 0.06). For both elements, trees and shrubs 
had longer residence times than sedges and forbs 
(Table 3).

Comparison with ELM‑SPRUCE

ELM-SPRUCE captured field observations of plant 
biomass N and NREQ better than plant biomass P 
and PREQ (Fig.  6). The model calculated partition-
ing of biomass N among the PFTs reasonably well 
(R2 = 0.80, p value = 0.11), though it underpredicted 
Sphagnum N. Modeled biomass P across PFTs did 

not vary greatly and therefore did not portray the vari-
ation in biomass P observed in the field (R2 = 0.16, 
p value = 0.63). This poor fit was heavily influenced 
by the model’s underestimation of Sphagnum P 
(Fig.  6B). When assessing the annually cycling of 
nutrients, the model captured field NREQ better than 
field PREQ (NREQ R2 = 0.76, p value = 0.13; PREQ 
R2 = 0.64, p value = 0.20). Similar to biomass P, 
modeled PREQ did not capture the full range of PREQ 
observed across PFTs in the field.

Discussion

In this analysis, nutrient budgets and stoichiometry 
from the ombrotrophic S1 Bog under ambient con-
ditions were explored to better understand the eco-
system structure and function as well as the current 
representation of bog nutrient cycling within the 
land-component of an Earth System Model (ELM-
SPRUCE). Our results emphasized the important role 
that peat played in storing N and P in this ecosystem 

Fig. 6   Comparison 
between field data (x axes) 
and ELM-SPRUCE simula-
tions (y axes) under ambient 
conditions. Biomass N (A), 
biomass P (B), NREQ (C), 
and PREQ (D) are presented 
for each plant functional 
type. Error bars associated 
with field observations 
represent standard errors 
around the mean based on 
spatial replicates and errors 
associated with model 
output represent interannual 
variation for 2012–2017. 
The 1:1 relationship is indi-
cated with a dashed red line
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and demonstrated that N was accumulating in the S1 
Bog ecosystem at a rate of 0.2 ± 0.1 g N m−2 year−1 
but annual P inputs were likely balanced by losses. 
This accumulation rate is similar in size to annual 
inputs of N via N fixation within the Sphagnum 
moss layer. Plants varied in their relative degrees of 
N versus P limitation, internal recycling of N and P, 
and allocation of nutrients across tissues. Within the 
model ELM-SPRUCE, N pools and fluxes across 
PFTs were accurately simulated but the model tended 
to underestimate P pools and fluxes and was a poor 
match for field observations of Sphagnum biomass.

Nutrients in peat: peat dominates storage & N 
mineralization supplies two‑thirds of Nuptake

Storage of N and P at the S1 Bog was driven by 
the large pools of these nutrients accumulated in 
peat. The N:P of peat increased from 18.4 ± 1.1 to 
38.5 ± 2.2 when moving downward in the peat pro-
file and was generally higher than the ratios seen in 
plant tissues (which ranged from 15.3 ± 0.7 in Sphag-
num to 8.5 ± 0.0 in tree boles). The decreasing spatial 
variation seen in N:P from acrotelm to catotelm lay-
ers suggests that the decomposition stage of the peat 
in the upper layers is highly variable, potentially due 
to interactions with the water table depth or local lit-
ter inputs. Porewater, though a small pool of N and P, 
had an N:P of 13.6 ± 0.8, similar to the N:P of under-
story plant tissues and Sphagnum. Microbial biomass 
N:P is likely around 3 at the S1 Bog (mass basis, 
Cleveland and Liptzin 2007; Wang et  al. 2014a), 
much lower than the N:P of peat, plant tissues, and 
porewater at this site. Research at the S2 Bog by Hill 
et al. (2014) indicated P-limitation of microbial bio-
mass which could be due to low P content of availa-
ble substrates. Previous stoichiometric measurements 
associated with microbial enzyme activity in the S1 
bog also suggested P and possibly N–P colimitations 
on microbial activity (Lin et al. 2014; Steinweg et al. 
2018). However, more recent experimental incuba-
tions have indicated that pH and temperature con-
strain microbial decomposition more than N and P 
availability (Kluber et al. 2020).

The S1 Bog is a cold and nutrient-poor environ-
ment, so organic N is likely a significant source of 
N for plants (Schimel et  al. 2004; Krab et  al. 2008; 
Moore et al. 2018). In the present budget, plant reli-
ance on organic N was not quantified directly but 

we can estimate the size of this flux. N mineraliza-
tion at S2 bog was approximately 5 g N  m−2 year−1 
(Urban and Eisenreich 1988) while total plant uptake 
of N at the S1 Bog was 7.6  g  N  m−2 year−1 and N 
fixation was 0.2  g  N  m−2 year−1 (Table  3; Fig.  2). 
Assuming the S2 Bog N mineralization rate applies to 
the S1 Bog, this would leave 2.4 g N m−2 y−1 differ-
ence between N mineralization and plant uptake that 
likely indicates the reliance of the plant community 
on organic N. Porewater N at the S1 Bog contained 
approximately 30% of organic N forms (Griffiths and 
Sebestyen 2016). The assumption that plants assimi-
late roughly one-third of their N from organic sources 
matches with observations of the pools of organic 
versus inorganic N in porewater. In other nutrient-
poor ecosystems, partitioning of N forms amongst 
competing plants has been shown to match patterns of 
availability (McKane et al. 2002).

Though P mineralization has not been measured 
directly at MEF, ratios of N:P mineralization for 
anoxic versus oxic conditions have been reported for 
another Minnesota bog by Chapin et al. (2003). At the 
S2 Bog, roughly 64% of N mineralization came from 
the oxic peat (Urban and Eisenreich 1988). By mul-
tiplying the 10:1 ratio of N:P mineralization in oxic 
peat presented in Chapin et  al. (2003) times 64% of 
the 5 g N m−2 year−1 mineralization rate from Urban 
and Eisenreich (1988), we estimated P mineralization 
in oxic peat at S1 Bog to be approximately 0.32 g P 
m−2 year−1. Performing the complementary calcula-
tion for anoxic peat mineralization using the 4:1 ratio 
of N:P mineralization in anoxic peat from Chapin 
et al. (2003), yielded P mineralization in anoxic peat 
rates of 0.45 g P m−2 year−1. Together, P mineraliza-
tion in oxic and anoxic peat is therefore around 0.8 g 
P m−2 year−1. Total PUPTAKE at the S1 Bog equaled 
0.7 ± 0.1  g P m−2 year−1 in this study. The similar 
sizes of estimated P mineralization rates and PUPTAKE 
at the S1 Bog indicates that plant reliance on organic 
forms of P is likely low at this site.

Nutrient balance: N accumulates while P inputs 
roughly match P outputs

At the S1 Bog, we observed net accumulation of 
N but a neutral balance of P entering and exiting 
the ecosystem (Fig. 2). These inputs and outputs to 
the bog ecosystem were generally an order of mag-
nitude smaller than the fluxes of N and P required 
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for plant NPP (Figs. 3, 5). Most of the N and P in 
this ombrotrophic bog was in peat, likely in bio-
logically unavailable forms or deep in the soil pro-
file. Thus, the efficient annual cycling of N and P 
through the ecosystem relies heavily on the cycling 
of these nutrients through trees, shrubs, Sphagnum, 
and near-surface peat layers.

Annual N dynamics show that deposition and 
fixation were greater than lateral outflow and 
gaseous N losses were so low that they had little 
impact on the annual N balance. The low rates of 
denitrification reported here (based on Urban and 
Eisenreich 1988) were consistent with the S2 Bog 
denitrification rates reported by Hill et  al. (2016) 
as well as microbial genomic research at the S1 
Bog that showed low relative abundance of poten-
tially denitrifying bacteria (Lin et  al. 2014). The 
rate of N accumulation at S1 Bog is slightly lower 
than range of N accumulation rates of other boreal 
ombrotrophic bogs (0.5–4.8 g N m−2 year−1, Moore 
et al. 2004). The temporal period over which accu-
mulation rates are measured is important to take 
into account, however, and Moore et  al. (2004) 
quantify accumulation over the last 150 years while 
this study presents a brief snapshot using data col-
lected from 2010–2020. More broadly, the differ-
ence between the annual balance of fluxes of N 
and P at the S1 Bog prompts us to question why 
the P balance is near zero while N accumulates 
in the ecosystem when there is an abundance of 
PFTs that are co-limited by N and P (Figs.  2, 3). 
We suggest that this difference may be due to the 
peatland cycling a greater proportion of ecosystem 
P through plants and shallow soils. A higher pro-
portion of ecosystem P was seen in plants and the 
acrotelm compared with N (Fig.  1). We also see 
that peat %P tends to decrease in the top of the pro-
file while peat %N increases (Supplemental Fig. 3). 
Together, these observations suggest that the S1 
Bog ecosystem retains P at the surface but buries 
N. Preferential mining of P by mycorrhizal fungi in 
surface soils could explain the stratified cycling of 
these two nutrients (Read et  al. 2004). The mech-
anisms behind this stratified cycling of P deserve 
further investigation, especially since P cycling is 
relatively understudied compared to N cycling in 
peatlands.

Nutrients in plants: trees are the most N‑limited PFT

The plant community at the S1 Bog appeared to be 
broadly co-limited by N and P, as has been observed 
in other ombrotrophic ecosystems (Iversen et  al. 
2010; Juutinen et  al. 2010). However, the distinct 
N:P ratios observed across PFTs indicate that the 
degree of N versus P limitation varies for different 
plants (Fig.  4). This finding is similar to the con-
strained stoichiometry for bog shrubs, graminoids, 
forbs, and mosses at the Mer Bleue ombrotrophic 
bog in Ontario described by Wang et al. (2014a). In 
contrast to Mer Bleue, however, the S1 Bog is for-
ested and our results show trees made up two-fifths 
of biomass and are the most N-limited PFT at this 
site. Shrubs at S1 Bog had a significantly higher 
N:P ratio and were more strongly limited by P than 
trees. The spatial variation of tree biomass N and 
P was greater than that of shrubs, likely due to the 
plot scale (66.4 m2) of tree measurements versus the 
quadrat scale (0.25 m2) of shrub measurements. At 
the quadrat scale, shrubs are relatively homogenous, 
but the open tree canopy at S1 Bog means trees are 
heterogenous across plots, ranging from 10–36 indi-
viduals per plot. Picea dominates the tree canopy 
at the S1 Bog but variable representation of Larix 
across plots likely added further spatial heterogene-
ity to tree biomass pools.

When assessing both nutrient storage and the 
annual fluxes of N and P in NPP at the S1 Bog, it 
is clear Sphagnum plays a pivotal role under ambi-
ent conditions. In addition to hosting N-fixing 
symbionts, NREQ and PREQ of Sphagnum are par-
ticularly large and highly variable (Fig.  5). There 
are only two data points for Sphagnum NPP in this 
current analysis, but each ambient plot observation 
is comprised of 2 years of data from three poten-
tial Sphagnum habitats (Norby et  al. 2019). When 
converted to g dry mass, the rates in this present 
study are within the observed range from Canadian 
fen sites (Moore 1989) and the N:P ratio of Sphag-
num is similar to what has been reported for other 
boreal bogs (Živković et  al. 2017). Decreasing 
the assumed depth of the Sphagnum biomass pool 
from 10 to 6 cm to reflect only current-year Sphag-
num tissues reduced the biomass pools to approxi-
mately 20.8 g N m−2 and 1.2 g P m−2 (Supplemental 
Appendix A).
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Nutrients in models: N cycling in plants captured 
more accurately than P cycling

ELM-SPRUCE accurately portrayed N cycling within 
the dominant PFTs at the S1 Bog but the model 
underpredicted P and PREQ and was notably low 
when it came to Sphagnum biomass N and P. The 
mismatch between modeled and measured Sphag-
num biomass, however, can be fully explained by fact 
that the model assumed a 1-year residence time for 
Sphagnum while the empirical data included multi-
year tissues in the Sphagnum biomass pool, result-
ing in longer residence times for Sphagnum N and P 
“Methods”, Table  3). Modeled Sphagnum biomass 
pools were 17.0 g N m−2 and 0.5 g P m−2 and were 
quite close to the 1-year pools of Sphagnum biomass 
estimated above (20.8 g N m−2 and 1.2 g P m−2; Sup-
plemental Appendix A). The model’s underpredic-
tion of Sphagnum N and P was primarily caused by 
differing assumptions about the definition of live 
Sphagnum biomass and the timeframe along which 
Sphagnum became part of the decomposing acrotelm. 
Since empirical studies vary in their delineation of 
live Sphagnum, this discrepancy is not unique to this 
study but should be considered when collecting field 
data for future model testing and parameterization.

The tendency for ELM-SPRUCE to underpredict 
biomass P is likely explained by N:P in the model 
being higher than observed values from the field. 
For trees, shrubs, and Sphagnum the model predicted 
N:P of 10.9, 16.4, and 34.8, respectively, which are 
all higher than the 9.0, 12.2, and 16.1 ratios observed 
in the field (Fig. 4). A higher N:P would explain the 
low modeled biomass P and PREQ. If only one annual 
Sphagnum growth is considered, the field N:P of 
Sphagnum rose to 20, but was still lower than the 
N:P of modeled Sphagnum (34.8). This modeled 
Sphagnum N:P is also notably higher than the range 
reported by Aerts et  al. (1999). This discrepancy 
can be partially attributed to the fact that stoichio-
metric parameters in ELM-SPRUCE were based on 
site-specific data for leaves, but wood and fine root 
parameters were set to default values (“Methods”, 
Supplemental Table 5). In the model, the default fine 
root N:P and wood N:P parameters were higher than 
the empirical data (Supplemental Table  5, Table  2), 
making vegetation more P-limited than observa-
tions would suggest. Storage pools of N and P within 
modeled PFTs also, however, had high N:P that also 

inflated whole-plant N:P in the model. We therefore 
attribute the model’s high biomass N:P and underes-
timation biomass P and PREQ to model parameteri-
zation with low N:P ratios for wood and fine-root 
stoichiometry well as inaccurate allocation of these 
nutrients to storage.

Ombrotrophic bog N and P cycling: insights into a 
warmer world

The N and P budget for the S1 Bog provides an 
important reference point for quantifying the impact 
of SPRUCE experimental treatments on nutrient 
cycling. Warming associated with climate change is 
expected to reduce C storage within peatland eco-
systems by directly accelerating peat decomposition 
(Dorrepaal et al. 2009) and indirectly drying the peat 
profile (Alm et al. 1999; Bragazza et al. 2016). Across 
ecosystems, warming-induced increases in decompo-
sition have a corresponding increase in N mineraliza-
tion (Rustad et  al. 2001). If N availability increases 
with warming at the S1 Bog, our results suggest that 
trees should benefit because they are more strongly 
N-limited than other PFTs at the S1 Bog (Fig.  4). 
Tree NRESIDENCE TIME is quite long (8.3 ± 0.5  years), 
however, so trees may be slow to respond to such an 
increase in N availability (Table  3). Shrubs, which 
were shown to be more co-limited by N and P than 
trees (Fig. 4) and have a shorter NRESIDENCE TIME than 
trees (3.4 ± 0.1 years), may respond more quickly. The 
shrub response could also be augmented if P miner-
alization is stimulated by concurrent drying of the 
peat profile (Bridgham et  al. 1998). Increased shrub 
dominance under warmer and drier conditions has 
been demonstrated across ombrotrophic bogs along 
an altitudinal gradient (Bragazza et al. 2013) and was 
associated with a decrease in Sphagnum, an increase 
in soil fungi, and an increase in the contribution of 
organic N to total N availability (Bragazza et al. 2013, 
2015).

Based on our analysis of N versus P cycling at the 
S1 Bog, a shift from Sphagnum to shrub dominance 
would increase belowground biomass allocation in 
this ecosystem and accelerate the N and P cycling 
through the biota due to the shrubs’ tendency to have 
shorter nutrient residence times and reduced reliance 
on resorbed N and P (Table 3). Interestingly, this pre-
sumption is already partially supported by observa-
tions from our first 4 years of manipulative warming 
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at SPRUCE. Across the manipulative warming treat-
ments, there has been a decline in Sphagnum cover 
and productivity (Norby et  al. 2019), an increase in 
shrub aboveground biomass and NPP (McPartland 
et  al. 2020), and a proliferation of shrub fine-roots 
(Malhotra et  al. 2020a, b). We therefore expect that 
available N and P in peat are increasing with warm-
ing. Plants at the S1 Bog appear to rely on organic 
N for about one third of their N uptake requirement, 
but this may change with warming due to the increase 
in ericaceous shrubs and altered N availability. Loss 
of Sphagnum at S1 Bog with warming has likely 
reduced N fixation inputs and altered surface soil N 
and P cycling since Sphagnum biomass represents a 
large, nutrient-rich pool that will decompose quickly 
under warm and dry conditions. Accelerated turnover 
of acrotelm N and P may result in losses of N and P 
to denitrification and lateral outflow, but we expect 
that enhanced uptake by shrubs and trees will par-
tially offset these fluxes. N fixation inputs were low 
compared to rates of N deposition and the size of the 
Sphagnum biomass N so we do not expect reduction 
of N fixation to decrease N availability in the immedi-
ate future.

Conclusions

Analysis of N and P cycling within an ombro-
trophic bog in northern Minnesota highlights the 
importance of belowground ecosystem components. 
Organic soils stored over 98% of N and P at this 
site, and fine roots in the upper aerobic acrotelm 
contained pools of N and P that were similar in size 
to leaf N and P pools. Plants generally had twice 
as much biomass aboveground than below, but the 
proportion of belowground biomass was higher 
for understory species. Trees, in addition to hav-
ing a greater proportion of their biomass N and P 
aboveground, cycled nutrients more slowly than 
understory plants and Sphagnum. Whole-plant N:P 
ratios demonstrated differential limitation of N ver-
sus P across PFTs, with trees exhibiting the highest 
degree of N limitation. On an annual basis, N was 
accumulating in the ecosystem at 0.2 ± 0.1 g N m−2 
year−1 and net fluxes of P were near zero. Annual 
cycling of N and P through vegetation shows that 
Sphagnum represents a large and dynamic pool of N 
and P at the S1 Bog that is vulnerable to the impacts 

of both manipulative and regional warming. ELM-
SPRUCE accurately captured N but not P cycling 
across PFTs, and mismatches between modelled and 
measured pools of Sphagnum biomass N and P were 
explained by the differing definitions of live Sphag-
num tissue. Analysis of N versus P cycling within 
an ombrotrophic bog using both empirical data col-
lection and an ESM represents a step toward under-
standing the complex behavior of nutrient-limited 
peatland ecosystems.
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