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six AOSR bogs, supplemented with literature data 
from other sites globally, this synthesis asks: is there 
evidence of element stoichiometric homeostasis in 
lichen or plant species in AOSR bogs; if so, do stoi-
chiometric homeostasis relationships extend globally 
beyond the AOSR, and; do element ratios provide 
insight into element limitation for the eight species? 
Mean element ratios and their coefficients of vari-
ation, ternary NPK and CaMgK plots, and scaling 
coefficients revealed widespread evidence of stoi-
chiometric homeostasis. Stoichiometric relationships 
generally were unaffected by differences in element 
deposition among the AOSR bogs. Stoichiometric 
relationships sometimes extended to a species glob-
ally, but sometimes did not. Element ratios and ter-
nary diagrams suggested a combination of N-, P-, and 
K-limitation, both within and beyond the AOSR bogs. 
Regionally high atmospheric N deposition may have 
shifted some species from N-limitation prior to the 
Industrial Revolution to P- or K-limitation today.

Keywords  Bog · Lichen · Nutrient limitation · 
Plants · Sphagnum · Stoichiometry

Introduction

Liebig’s Law of the Minimum, a pillar of soil sci-
ence and plant nutrition, initially was formulated 
by Carl Sprengel, who wrote “… it is indisputable 
that, when a plant needs 12 substances to develop, 

Abstract  Ombrotrophic bogs receive new inputs 
of elements solely through atmospheric deposi-
tion, except for N where inputs are predominantly 
through N2-fixation, at least in low N deposition 
environments. At various locations across the globe, 
including the Athabasca Oil Sands Region (AOSR) 
of northern Alberta, Canada, element atmospheric 
deposition has increased as a result of anthropogenic 
activities. Regional and/or global deposition gradients 
offer an opportunity to examine questions related to 
nutrient limitation and element stoichiometry, i.e., 
the maintenance of relatively constant element ratios 
in bog lichen/plant tissues despite differing element 
deposition/availability. Using a dataset of tissue ele-
ment concentrations in eight lichen/plant species in 
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it will not grow if any one of these is missing, and 
it will always grow poorly, when one of these is not 
available in sufficiently large amount as required by 
the nature of the plant” (van der Ploeg et  al. 1999). 
If plant growth is limited by a low supply of a par-
ticular element, growth will increase as the supply of 
that limiting nutrient increases. The growth response 
to increasing supply of a limiting element gener-
ally may be more pronounced in plants adapted to 
high nutrient environments than in plants adapted 
to low nutrient environments (Chapin et  al. 1986), 
like bogs. Further, the growth response is not linear; 
as the supply of a limiting element increases to the 
point where plant acquisition exceeds the need for 
growth, element concentrations in plant tissues may 
increase, reflecting element storage (cf. Chapin et al. 
1990; Lamers et al. 2000). Plant tissue element con-
centrations do not increase without bound, but rather, 
as supply increases, ultimately concentrations reach 
maximum values. An increasing supply of non-limit-
ing elements also can result in increased plant uptake 
and increased element concentrations in plant tis-
sues, reflecting storage (Chapin et  al. 1990). These 
responses to increasing element availability have 
implications for assessing the extent to which individ-
ual plant species exert stoichiometric control through 
the examination of element ratios.

If plant acquisition of a particular element in 
response to variation in availability in soil/peat occurs 
independently of other elements, plant tissue element 
ratios would exhibit corresponding variability. How-
ever, if a particular plant species exerts stoichiometric 
control over multi-element uptake and storage, ele-
ment ratios should be relatively constant, regardless 
of availability in soil/peat; i.e., there is stoichiometric 
homeostasis (sensu Sterner and Elser 2002). A lit-
erature survey of nutrient concentrations in terrestrial 
plants (Knecht and Göransson 2004) indicated that 
there are strong correlations between pairs of ele-
ments (N, P, K, Ca, Mg) in plant tissues. Focusing on 
C, N, P and K, Wang and Moore (2014) concluded 
that plant functional types (mosses, deciduous trees/
shrubs, evergreen shrubs, graminoids, forbs) at Mer 
Bleue Bog, Ontario, exhibit strong stoichiometric 
homeostasis. Similarly, Wang et al. (2016) concluded 
that shrubs, and to a lesser extent mosses, exhibited 
homeostatic regulation in response to N, P, and K fer-
tilization at Mer Bleue Bog.

The Athabasca Oil Sands Region (AOSR) in 
northern Alberta, Canada offers a unique opportunity 
to assess lichen and plant element tissue concentra-
tions and ratios with respect to stoichiometric homeo-
stasis in bogs. Bogs are ombrotrophic, receiving new 
inputs of elements solely through atmospheric depo-
sition (Weber 1911; Vitt 2006; Vitt and House 2021), 
with the notable exception of N where inputs are pre-
dominantly through N2-fixation by methanotrophs 
(Vile et  al. 2014), at least in the low N deposition 
environments of northern Alberta. Increasing N dep-
osition downregulates N2-fixation in bogs (Wieder 
et al. 2019) and in poor fens (Wieder et al. 2020). In 
the AOSR, upgrader stack and mine fleet emissions 
of N and S gases, and dispersion of fugitive dust with 
high Ca and Mg concentrations, have altered element 
deposition, with N, S, Ca, and Mg wet and/or dry 
deposition generally decreasing with increasing dis-
tance from the oil sands industrial center (Fenn et al. 
2015; Wieder et al. 2016a,b; Hsu et al. 2016; Edger-
ton et al. 2020; Horb et al. 2021; Wieder et al. 2022; 
Table  S1, Figure S1). Further, P and K deposition 
appears to vary spatially across the AOSR, although 
deposition patterns are not clearly associated with oil 
sands operations (Wieder et al. 2022, Table S1, Fig-
ure S1).

Given the ombrotrophic nature of bogs, spatial 
patterns of element deposition are especially likely 
to reflect spatial patterns of element availability in 
peat. Indeed, tissue concentrations of N, S, Ca, Mg, 
K, and P in several lichen/plant species increase with 
proximity to the oil sands industrial center and/or are 
correlated with regional spatial patterns in element 
deposition (Wieder et al. 2016a, 2021, 2022). If these 
lichen/plant species exhibit stoichiometric homeosta-
sis, element ratios in lichen thalli, Sphagnum capitula, 
and leaves of vascular plants should remain relatively 
constant across bogs in the AOSR, regardless of dis-
tance from the oil sands industrial center.

Here, stoichiometric relationships for eight com-
mon Alberta bog species, the lichens Cladonia 
(Cladina) mitis and Evernia mesomorpha, the mosses 
Sphagnum capillifolium and Sphagnum fuscum, and 
the vascular plants Vaccinium oxycoccos, Vaccinium 
vitis-idaea, Rhododendron groenlandicum (Ledum), 
and Picea mariana, are evaluated using three 
approaches. First, for each species, element ratios and 
their coefficients of variation were calculated, provid-
ing insight into potential nutrient limitation (ratios) 



357Biogeochemistry (2022) 160:355–379	

1 3
Vol.: (0123456789)

and stoichiometric control (coefficients of variation) 
(e.g., Koerselman and Meuleman 1996; Güsewell and 
Koerselman 2002; McGroddy et  al. 2004; Jiroušek 
et al. 2011; Wang and Moore 2014). Second, ternary 
diagrams were constructed to examine stoichiometric 
relationships between groups of three elements (N, P, 
K and Ca, Mg, K), as well as to assess potential nutri-
ent limitation (Güsewell and Koerselman 2002; Olde 
Venterink et al. 2003; Wang and Moore 2014). Third, 
stoichiometric relationships between multiple ele-
ments were assessed using the niche volume approach 
of Ågren and Weih (2020). These approaches were 
applied to tissue chemistry data from eight lichen/
plant species in bogs in the AOSR (Wieder et  al. 
2016a, 2021, 2022). In addition, to achieve a broader 
geographic perspective, where available, literature 
tissue chemistry data for these eight species, regard-
less of the ecosystem in which they were found, were 
included in analyses.

This analysis focuses on three questions: (1) is 
there evidence of element stoichiometric homeostasis 
in the eight lichen/plant species across the six bogs in 
the AOSR of northern Alberta, Canada; (2) if there is 
evidence of stoichiometric homeostasis in the AOSR, 
does it extend to all locations where a species grows 
globally, and (3) do element ratios provide insight 
into what element is limiting for each of the eight 
species?

Methods

Lichen/plant samples were collected at six bog sites 
in northern Alberta, Canada, ranging from 12 to 
77  km from the oil sands industrial center, opera-
tionally defined as the midpoint between the Syn-
crude and Suncor upgrader stacks (JPH4, 57°6′45″N, 
111°25′23″W, 12  km; McKay, 57°13′41″N, 
111°42′11″W, 24  km; Kearl, 57°16′21″N, 
111°15′38″W, 32  km; McMurray, 56°37′37″N, 
111°11′44″W, 49  km; Anzac, 56°28′8″N, 
111°2′34″W, 69  km; Horse Creek, 56°19′45″N, 
111°35′22″W, 77 km). Vegetation is similar at these 
sites (Vitt et al. 2020) and is typical of Alberta bogs 
more generally (Belland and Vitt 1995). Five repli-
cate lichen/plant samples (whole thalli of the lichens 
Evernia mesomorpha and Cladonia (Cladina) 
mitis; the capitula (top 1-cm of plant) of the mosses 
Sphagnum capillifolium and Sphagnum fuscum; 

aboveground portions of Vaccinium oxycoccos with 
leaves separated from stems in the laboratory, leaves 
retained for analysis; topmost 3–5 leaves from indi-
vidual plants of Vaccinium vitis-idaea and Rhodo-
dendron (Ledum) groenlandicum, and apical shoots 
of current year’s growth of Picea mariana,  needles 
separated from stems and retained for analysis), were 
collected at each site in June, July, and August of 
2018 and 2019 (see Wieder et al. 2022 for details of 
sample collection, processing, and analysis for Ca, 
Mg, K, and P; concentrations of N and S were deter-
mined on a LECO Truspec CNS Analyzer, cf. Wieder 
et al. 2021).

Our group has quantified N, S, Ca, Mg, and P 
deposition using ion exchange resin (IER) collectors 
deployed in bogs across northern Alberta since 2009 
(Wieder et al. 2016a,b, 2021, 2022). Potassium dep-
osition data are from IER collectors deployed at the 
bog sites by the Wood Buffalo Environmental Asso-
ciation since October 2018 (https://​wbea.​org/​netwo​
rk-​and-​data/​integ​rated-​data-​search/). The history of 
these measurements is summarized in Table S1; ele-
ment deposition as a function of distance from the oil 
sands industrial center is provided in Figure S1.

The extant literature was searched for data on N, P, 
K, Ca, Mg, and S concentrations in the eight lichen/
plant species sampled in the six AOSR bogs. Both 
Cladonia mitis and C. arbuscula were included as 
these two species cannot be clearly distinguished in 
the field; the major taxonomic distinguishing charac-
teristic is the presence of rangiformic acid secondary 
compounds in the former, but not the latter (Ruoss 
1987). Further, Vaccinium oxycoccos has several 
taxonomic synonyms, including Oxycoccos palus-
tris; leaf elemental concentration data for O. palustris 
have been included. When published papers described 
a field manipulative experiment, only data from con-
trol treatments have been included. Data from green-
house studies and data for vascular plant seedlings 
were excluded. Published papers that reported data 
on only one of the five elements were excluded. Data 
from different habitat types were included, with data 
from bog sites being indicated, when possible.

For data on element concentrations/ratios in the 
eight plant/lichen species in six bogs in the AOSR, 
stoichiometric homeostasis was examined by cal-
culating coefficients of variation of the lognormal 
distributions of tissue concentrations. Following 

https://wbea.org/network-and-data/integrated-data-search/
https://wbea.org/network-and-data/integrated-data-search/
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Güsewell and Koerselman (2002), all data were log-
transformed prior to calculating coefficients of vari-
ation as:

 where x̄ and SD are the mean and standard deviation, 
respectively, of the log-transformed data for a given 
variable. For each species/site combination, x and SD 
were calculated for the six sampling dates combined 
(July, July, August of 2018 and 2019; only 3 sam-
pling dates were used for Sphagnum capillifolium as 
there was insufficient sample for chemical analysis in 
2018).

Using our data from the six bogs in the AOSR, and 
literature data where raw element concentration data 
on individual samples (as opposed to means or medi-
ans) were available, for each species, ternary dia-
grams were constructed to graphically indicate rela-
tionships between N, P and K, and between Ca, Mg, 
and K. For the N, P, and K ternary diagrams, N:P, 
N:K, and K:P ratios of 14.5, 2.1 and 3.4, respectively, 
were used as critical values to identify N, P, and/or 
K-limitation of species (Olde Venterink et al. 2003). 
For Ca, Mg, and K ternary diagrams, such critical 
ratios for bog species have not been developed.

Following Ågren and Weih (2020), stoichiometric 
volumes were calculated for each of the eight lichen/
plant species and for the six AOSR bog sites indi-
vidually and collectively, assuming that N and P are 
the two elements that drive stoichiometric relation-
ships. Two volumes, assumed to represent realized 
niche subvolumes of a species (V) were calculated as 
the product of element concentrations in lichen/plant 
tissues:

and 

where CN, Cp, and Cn are lichen/plant tissue concen-
trations of N, P, and n other elements, respectively. 
Scaling between these two subvolumes was calcu-
lated as:
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which log-transforms into a linear equation:

where α is the scaling coefficient and β is the inter-
cept. Scaling relationships between VNP and VOth were 
calculated with VOth representing Ca, Mg, K, and S 
in combination and individually. Regression param-
eters (α and β) were estimated using reduced major 
axis regression. A scaling coefficient of 1 indicates 
that VNP and VOth increase proportionally, indicating 
stoichiometric homeostasis. A scaling coefficient < 1 
indicates that concentrations of other elements 
increase more slowly than concentrations of N and P; 
a scaling coefficient > 1 indicates that concentrations 
of other elements increase more rapidly than concen-
trations of N and P. Either of these situations indi-
cates that element ratios do not remain constant as N 
and P concentrations change, which would indicate 
a lack of stoichiometric homeostasis with respect to 
N and P in combination. Nonsignificant regressions 
indicate an absence of scaling, and hence no stoichio-
metric homeostasis.

Literature survey

A search of the literature located 112 published 
papers or data sets where tissue concentrations of at 
least two of the elements (N, P, K, Ca, Mg, S) in one 
or more of the eight lichen/plant species that are the 
focus of this paper were reported (Table S2). Several 
of these papers reported means and standard devia-
tions, standard errors, or confidence intervals, but 
did not provide raw data. Given that the ratio of two 
means is not mathematically equivalent to the mean 
of ratios of individual samples, papers that did not 
include raw data were excluded from analysis unless 
authors provided their raw data. As such, 41 pub-
lished papers (Tables S3, S4) were included in analy-
ses of element ratios, coefficients of variation, ternary 
diagrams, and niche volume approaches to assessing 
element stoichiometry and nutrient limitation.
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Results and discussion

Element ratios and coefficients of variation

In general, across all species and all element ratios, 
there were differences between at least two of the 
six bog sites in the AOSR, the exceptions being for 
Ca:P ratios in Cladonia mitis, for N:K, N:P, and K:P 
ratios in Sphagnum capillifolium capitula, and for 
N:Ca and K:Ca ratios in Vaccinium vitis-idaea leaves, 
which did not differ between sites (Table S3). While 
statistical analysis provides an objective assessment 
of stoichiometric homeostasis in element ratios, the 
extent to which it provides a biologically meaning-
ful assessment is unclear; studies claiming ecologi-
cally meaningful element stoichiometries have used a 
more subjective approach (e.g., Knecht and Görans-
son 2004; Wang and Moore 2014). For the six bogs in 
the AOSR, site differences in element ratios, although 
often statistically significant, often were small in 
magnitude (Fig.  1, Table  S3). Using a subjective 
rather than statistical approach to assess stoichiomet-
ric homeostasis, for 74 of the 120 species/ratio com-
binations, mean values for each of the six bogs were 
within 25% of the mean value averaged across all six 
AOSR bog sites (Fig. 1, Table S3). This 25% criterion 
was observed in all eight species for K:P ratios and in 
six or seven of the species for N:K, N:S, N:P, K:S, 
Ca:S and Ca:Mg ratios, but in only two, three, or four 
of the species for N:Ca, N:Mg, Ca:P, S:Mg, S:P, or 
Mg:P ratios. Overall, these patterns suggest a greater 
degree of stoichiometric homogeneity with respect to 
N, P, and K, the three elements most commonly con-
sidered to be limiting production in bogs (e.g., Aerts 
et  al. 1992; Gunnarsson and Rydin 2000; Hoosbeek 
et al. 2002; Bragazza et al. 2004; Phuyal et al. 2008; 
Jiroušek et al. 2011), than for Ca, Mg, or S.

If indeed there is greater stoichiometric homogene-
ity for N, P, and K, than for other elements, coeffi-
cients of variation would be expected to be relatively 
low for N:K, N:P, and K:P ratios as compared to 
ratios involving Ca, Mg, or S. Such a pattern is evi-
dent for element ratio coefficients of variation across 
the plant/lichen species at the 6 bogs in the AOSR, 
where median ranks of the within-species N:K, N:P, 
and K:P coefficients of variation  were 3.5, 5, and 
3.5 out of 15, respectively (Table 1). This pattern is 
not as clearly evident in all of the eight species for 
sites beyond the 6 bogs in the AOSR, but it should 

be noted that the sample sizes vary considerably 
between sites and between species for the non-AOSR 
sites (Table S4). As sample size decreases, in general, 
the calculated coefficient of variation becomes a less 
accurate estimate of the underlying population coeffi-
cient of variation (cf. Kelley 2007). Thus, interpreta-
tions about coefficients of variation in element ratios 
can be made with a higher degree of confidence for 
the 6 bogs in the AOSR, where sample sizes are gen-
erally comparable and large, than for the other sites 
globally.

Given their lack of roots and of leaves with waxy 
cuticles, lichens and Sphagnum species could be 
expected to exhibit a lesser degree of stoichiometric 
homeostasis than vascular plants. However, the evi-
dence for this is mixed. For the 15 pairwise element 
ratios across the six AOSR bog sites (Table S3) the 
25% criterion was observed 10 and 4 times in the 
lichens Cladonia mitis and Evernia mesomorpha, 
respectively, 6 times each in Sphagnum capillifolium 
and Sphagnum fuscum, and 15, 15, 6, and 12 times for 
Vaccinium oxycoccos, Vaccinium vitis-idaea, Rhodo-
dendron groenlandicum, and Picea mariana, respec-
tively. In addition to having leaves with waxy cuti-
cles, all of the vascular plant species are mycorrhizal; 
these characteristics may be important in maintaining 
element concentrations and/or ratios within relatively 
narrow ranges. All element ratios at each of the six 
AOSR bog sites were within 25% of the mean across 
all of the AOSR bogs for each of the two Vaccinium 
species, suggesting a relatively high level of stoichio-
metric homeostasis involving all six elements—N, 
P, K, Ca, Mg, and S. Compared to the other vascular 
plant species, the two Vaccinium species also showed 
relatively low coefficients of variation, especially 
for N:P, N:K, and K:P ratios (Table  S3), providing 
support for the interpretation that these two spe-
cies exhibit tight control over element ratios across 
the six AOSR bogs and beyond, i.e., stoichiometric 
homeostasis.

If stoichiometric homeostasis is a characteristic of 
a particular species, mean values for element ratios 
across the six Alberta bog sites should be compara-
ble to values from other locations across the globe. 
In general, this was not the case. For 79 of the 100 
species-by-element ratio combinations where there 
were literature data from other sites, mean values 
for the six Alberta sites were significantly different 
from the mean values for other sites around the globe 
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(Table S3). For 51 of these 79 instances, however, the 
means for the Alberta sites and the other sites around 
the globe were within 25% of the overall mean value 
across all sites globally.

While these comparisons may suggest some 
degree of stoichiometric homeostasis for various ele-
ment ratios in different species across all sites glob-
ally, several caveats need to be acknowledged. Most 
studies that have reported element ratios or have pro-
vided raw data from which element ratios could be 
calculated have rather small sample sizes, often with 
samples collected on a single sampling date. Element 
deposition at the time of sampling and/or historical 
patterns of element deposition often are not reported. 
If element concentrations vary over the course of a 
growing season, time of year in which samples were 
collected could influence element ratios. Climatic 
conditions differ between sites in the global data set, 
but often information on climate is not provided in 
published papers. While some of the eight species 
examined are restricted to bogs (e.g., Sphagnum fus-
cum), others occur in both bog and non-bog habitats 
(Table  S2). How these factors may affect element 
concentrations and/or ratios in lichen/plant tissues 
within the context of stoichiometric homeostasis is 
inadequately understood.

With respect to the three questions posed ini-
tially, there is evidence for some level of stoichio-
metric homeostasis in the eight lichen/plant species 
across the six bogs in the AOSR of northern Alberta, 
Canada, moreso for N, P, and K than for Ca, Mg, 
and S. There is less evidence that the patterns of 

stoichiometric homeostasis for the six bogs in the 
AOSR prevail across other sites globally.

Regarding the third initial question related to nutri-
ent limitation, element ratios have been used as indi-
cators of nutrient limitation, and as such can be used 
to assess a hypothesis of N-limitation across each 
of the eight lichen/plant species in the AOSR bogs. 
Ideally, critical element ratios are determined from 
controlled laboratory fertilization studies in which 
all essential elements are provided in adequate sup-
ply for growth except for one element for which avail-
ability is experimentally manipulated. Most of the 
research on nutrient limitation in bogs has focused 
on N and P, with several studies reporting that as N 
deposition increases, there is a shift from N-limita-
tion to P-limitation (e.g., Malmer 1988; Aerts et  al. 
1992; Walbridge and Navaratnam 2006; Phuyal 
et  al. 2008). However, for wetlands, including bogs, 
in eastern North America, this shift was less appar-
ent (Bedford et al. 1999). Based on fertilization stud-
ies, Koerselman and Meuleman (1996) suggested 
that plant growth is N-limited when N:P < 14 and 
P-limited when N:P > 16, with co-limitation when 
14 ≤ N:P ≤ 16. Applying these criteria, Cladonia 
mitis, Sphagnum capillifolium, Vaccinium oxycoc-
cos, Vaccinium vitis-idaea and Picea mariana would 
be regarded as N-limited, while Evernia mesomorpha 
would be regarded as P-limited at all six of the AOSR 
bogs (Fig. 1, Tables 2, S3). Element limitation classi-
fications differed between bogs for Sphagnum fuscum, 
which would be regarded as N- or N + P-limited and 
for Rhododendron groenlandicum, which would be 
regarded as N- or P-limited (Table S3). These nutri-
ent limitation interpretations generally hold when 
the Koerselman and Meuleman (1996) criteria are 
applied to sites beyond the six AOSR bogs, but with 
more frequent P-limitation. Across all non-Alberta 
sites/regions, N-limitation was indicated for S. capil-
lifolium and V. vitis-idaea, but for the other six spe-
cies, both N- and P-limitation was indicated (Fig. 1, 
Tables 2, S3).

Critical element ratios for wetland plant species 
were later modified and expanded to include K, with 
N:P < 14.5 and N:K < 2.1 indicating N-limitation, 
N:P > 14.5 and K:P > 3.4 indicating P- or P + N-lim-
itation, and N:K > 2.1 and K:P < 3.4 indicating K- or 
K + N-limitation (Olde Venterink et al. 2003). Based 
on these critical ratios, for the six AOSR bogs, Cla-
donia mitis would be considered to be K- or K + N 

Fig. 1   Mean element ratios for eight plant/lichen species (CM 
Cladonia mitis, EM Evernia mesomorpha, SC Sphagnum cap-
illifolium, SF Sphagnum fuscum, VO Vaccinium oxycoccos, 
VV Vaccinium vitis-idaea, PG Rhododendron groenlandicum, 
PM Picea mariana) at the 6 bog sites in the AOSR, averaged 
across all sampling dates (this study), arranged with increasing 
distance from the oil sands industrial center from left to right. 
Also shown are mean element ratios for the 8 plant lichen spe-
cies at sites other than the 6 bogs in the AOSR (All sites other 
than this study) and for all sites combined. For a given element 
ratio/species combination, rectangles show the range of ele-
ment ratio values that are within 20% ( ±) of the mean for the 6 
bog sites in the AOSR. Green-filled rectangles indicate that the 
individual mean values for each of the 6 bog sites in the AOSR 
all fall within 20% of the mean value for the 6 bog sites in the 
AOSR; red-filled rectangles indicate that the individual mean 
values for each of the 6 bog sites in the AOSR do not all fall 
within 20% of the mean value for the 6 bog sites in the AOSR. 
Data, statistical results, and references are in Table S3

◂
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limited, Evernia mesomorpha would be considered to 
be P- or P + N-limited, and Picea mariana would be 
considered to be N-limited (Fig. 1, Tables 2, S3). For 
a variety of reasons, Sphagnum capillifolium, Sphag-
num fuscum, Vaccinium oxycoccos, Vaccinium vitis-
idaea, and Rhododendron groenlandicum are less 
clearly characterized as N, P, or K-limited. For these 
species, none of the three Olde Venterink et al. (2003) 
element limitation criteria are unequivocally  met, 
and/or overall mean ratios are close to the critical 
ratios, and/or differences between sites would lead 
to different nutrient limitation interpretations (Fig. 1, 
Tables 2, S3).

These nutrient limitation interpretations are con-
sistent with those obtained from a field N fertilization 
at Mariana Lake Bog, Alberta (Wieder et  al. 2019), 
where N fertilization had no effect on or inhibited 
Sphagnum fuscum net primary production, stimulated 
the growth of Picea mariana (and Rhododendron 
groenlandicum) and led to increased tissue N concen-
trations in leaves of Vaccinium oxycoccos, Vaccinium 
vitis-idaea, Rhododendron groenlandicum, and Picea 
mariana, suggesting that as N supply increased, N 
was taken up in excess of the needs for plant growth 

and stored in plant tissues. Application of the Olde 
Venterink et  al. (2003) critical ratios to species at 
locations other than the six AOSR bogs generally 
does not contradict nutrient limitation interpretations 
for the AOSR bogs, but for several species, which 
nutrients are limiting is more variable between sites/
regions (Table  2). To some extent these differences 
may be related to site/region differences in N deposi-
tion, with high N deposition causing shifts away from 
N-limitation and toward P- or K-limitation.

Since there is no published evidence for Ca, Mg, 
or S limitation of lichens/plants in bogs, critical 
ratios involving these elements have not been devel-
oped. However, critical N:S ratios in crop plants have 
been suggested based on relationships between plant 
growth parameters in the field and tissue element 
concentrations. Based on this approach, Rasmussen 
et  al. (1977) suggested a critical N:S ratio of 16 as 
an indicator of S deficiency in winter wheat; similar 
values have been suggested for other crop plants (e.g., 
Camberato and Casteel 2017, 20:1 for corn; Wester-
man 1975, 17:1–18:1 for alfalfa; Randall et al. 1981, 
Reussi Calvo et al. 2011, 17:1 to 13:1 for wheat; Ran-
dall et al. 2003, 14:1 for rice). These critical ratios for 

Table 2   Summary of nutrient limitation interpretations based 
on mean N:P ratios (Table  1) and the criteria of Koerselman 
and Meuleman (1996), mean N:P, N:K, and K:P ratios and the 

criteria of Olde Venterink et al. (2003), and ternary NPK dia-
grams where raw data (individual observations for a species) 
were plotted

A question mark indicates that for a given species there are mean values or a substantial number of individual observations (ternary 
diagrams) that cannot be classified into any of the nutrient limitation categories

Species Koerselman 
and Meuleman 
(1996) using 
mean N:P ratios
6 Alberta bogs

Koerselman 
and Meuleman 
(1996) using 
mean N:P ratios
Not Alberta bogs

Olde Venterink 
et al. (2003) 
using mean N:P, 
N:K, and K:P 
ratios;
6 Alberta bogs

Olde Venterink 
et al. (2003) 
using mean N:P, 
N:K, and K:P 
ratios;
Not Alberta bogs

Ternary NPK 
diagram
6 Alberta bogs

Ternary NPK 
diagram
Not Alberta bogs

Cladonia mitis N N; P K or K + N K or K + N K or K + N K or K + N
Evernia meso-

morpha
P N; P P or P + N P or P + N; K or 

K + N
P or P + N P or P + N; K or 

K + N
Sphagnum capil-

lifolium
N N N; ? N ? N; P or P + N

Sphagnum 
fuscum

N; N + P N; P N; P or P + N; K 
or K + N

N; P or P + N ? P or P + N

Vaccinium oxy-
coccos

N N; P ? N; P or P + N ? P or P + N

Vaccinium vitis-
idaea

N N N; ? N; ? ? ?

Rhododendron 
groenlandicum

N; P N; P P or P + N; ? N; P or P + N P or P + N; ? N; P or P + N; ?

Picea mariana N N; P N N; K or K + N N N; K or K + N
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N:S reflect the N:S ratio of plant proteins, such that 
values higher than the critical ratio suggest S defi-
ciency. Although N:S ratios have not been used as 
indicators of S deficiency in wetland or bog plants/
lichens, N:S ratios for the six Alberta sites and from 
other sites globally are far lower than 16:1, suggesting 
that the eight bog lichen/plant species examined here 
exhibit no evidence of S-deficiency or S-limitation.

N, P, K ternary diagrams

To more closely examine stoichiometric relationships 
(initial questions 1 and 2) and nutrient limitation (ini-
tial question 3) for the eight bog lichen/plant species, 
ternary NPK diagrams were constructed, graphi-
cally delineating regions indicating N-limitation, 
P- or P + N- co-limitation, or K- or K + N-limitation, 
along with a central triangular region where N-, P-, 
or K-limitation cannot be inferred (Olde Venterink 
et al. 2003). It is important to note that this approach 
does not consider absolute element concentrations in 
lichen/plant tissues (in units like mg of an element 
g−1 dry mass of tissue), but the relative abundance of 
each of three elements as a proportion of the sum of 
the three elements.

The ternary diagram approach has not been 
applied to lichens, a group for which nutrient limita-
tion is not well understood. While in general lichen 
growth may be limited by water, light, nitrogen, and/
or phosphorus (Palmqvist et  al. 2008), understand-
ing nutrient limitation in lichens is confounded by 
potentially different nutrient requirements of the 
mycobiont and the associated photobiont (cf. Mak-
konen et  al. 2007, Johansson et  al. 2011). The use 
of element ratios to assess nutrient status/limitation 
in lichens is not common, in part because of the dif-
ficulty in growing whole lichens in culture (Nash III 
2008), which makes experimental determination of 
element limitation in controlled nutrient addition 
experiments a challenge. Acknowledging that the 
Olde Venterink et al. (2003) element limitation crite-
ria were not developed with lichens in mind, applica-
tion of this approach in ternary diagrams (Fig. 1a, b) 
suggests K- or K + N-limitation for C. mitis and P or 
P + N-limitation for E. mesomorpha at the six AOSR 
bog sites, with no clear differences between sites 
(Fig.  2). This interpretation would be the same for 
the non-Alberta sites, with some suggestion of K- or 
K + N-limitation for E. mesomorpha. More striking, 

however, is that across all sites globally, each species 
maintains a remarkably consistent K:P ratio, across 
varying relative abundances of N in lichen thalli. 
For C. mitis (Fig. 2a) and E. mesomorpha (Fig. 2b), 
the global average (± standard errors) K:P ratios 
were 2.72 ± 0.02 (n = 275) and 3.93 ± 0.06 (n = 407), 
respectively (Table S3). While this result points to a 
remarkable stoichiometric homeostasis in K:P ratio 
for the two lichen species, neither the physiological 
basis nor the contributions of the fungal versus algal 
symbiont in maintaining K:P ratios within such a nar-
row range is known.

In contrast to the case with lichens, element ratios 
have been widely used as indicators of element limi-
tation and/or biogeochemical niches in bryophytes 
across a variety of habitats (e.g., Aerts et  al. 1992; 
Bragazza et al. 2004; Jiroušek et al 2011; Waite and 
Sack 2011; Hájek et al. 2014; Wang and Moore 2014; 
Wang et  al. 2016; Fernández-Martínez et  al. 2021). 
However, only a few studies have focused on Sphag-
num species in bogs using ternary diagrams. At Mer 
Bleue Bog, Ontario, mosses as a plant functional type 
(S. angustifolium, S. capillifolium, S. cuspidatum, S. 
fallax, S. magellanicum combined) were determined 
to be N and P co-limited, with observations lying 
along the N and P co-limitation line (N:P = 14.5) in 
a ternary diagram (Wang and Moore 2014). At the 
same site, after a decade of N, P, and K fertilization 
at various levels, mosses (S. capillifolium, S. magel-
lanicum, Polytrichum strictum combined) showed 
consistent K or K + N co-limitation across control 
and fertilized treatments (Wang and Moore 2016). In 
neither of these studies were mosses examined at a 
species-by-species level.

Ternary diagrams do not produce a clear indica-
tion of element limitation for Sphagnum capillifolium 
(Fig. 2c) or Sphagnum fuscum (Fig. 2d). For the six 
bogs in the AOSR, observations for Sphagnum cap-
illifolium (Fig.  2c) lie close to the N:K = 2:1 line, 
although a substantial proportion of the observations 
lie within the central triangular region where element 
limitation cannot be determined; there are no clear 
differences between the six bogs. In contrast to the 
Alberta sites, S. capillifolium from Finland (n = 2) 
and eastern Canada (n = 14) are displaced to the right, 
indicating a higher relative abundance of K compared 
to N and P, with N or P or P + N-limitation. For S. 
fuscum (Fig. 2d), most of the observations at the six 
bogs in the AOSR fall within the central triangular 
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region, with no clear differences between these bogs, 
suggesting limitation by some factor other than N, P, 
or K. For S. fuscum at other sites, observations are 
shifted to the right (slightly higher relative abundance 
of K and slightly lower relative abundance of P; 
Fig. 2D), suggesting P or P + N co-limitation. These 
results do not strongly support stoichiometric homeo-
stasis regarding N, P, and K for either Sphagnum spe-
cies as a global phenomenon.

Previous studies in bogs in the AOSR have shown 
that N concentrations, but not K concentrations, in 
the capitula of S. capillifolium and S. fuscum were 
positively correlated with growing season N or K 
deposition, respectively; capitulum P concentrations 
were positively correlated with growing season P 
deposition for S. capillifolium, but not for S. fuscum 
(Wieder et al. 2022). These results suggest that capit-
ulum element concentrations differ between elements 
and between the two Sphagnum species (at least for 
P). Further, in several studies in bogs across Alberta, 
no relationship was found between Sphagnum fus-
cum net primary production and either atmospheric 
N deposition or experimental N addition; however, in 
several of these studies, S. fuscum NPP was positively 
correlated with mean temperature and/or total precip-
itation in specific months during the growing season 
(Vile et  al. 2014; Wieder et  al. 2010, 2016b, 2019). 
With respect to Sphagnum growth and nutrient limi-
tation, climatic factors may be especially important in 
AOSR bogs, which lie at the dry end of the climatic 
regimes under which boreal bogs persist (Gignac and 
Vitt 1994; Wieder et  al. 2006), and where annual 
potential evapotranspiration to precipitation ratios are 
close to 1.0 (cf. Winter and Woo 1990).

Further, in Alberta bogs, N inputs to bogs by 
N2-fixation, predominantly by methanotrophs associ-
ated with Sphagnum species at the peat surface, are 
far greater than N inputs via atmospheric deposition 
(Vile et  al. 2014). Increasing N deposition down-
regulates N2-fixation in bogs (Wieder et al. 2019) as 
further indicated at Mer Bleue Bog Ontario, where 
atmospheric N deposition is about 8 kg N ha−1 year−1 
(Turunen et  al. 2004) and N2-fixation is a relatively 
minor source of new N (Živkovič et al. 2022). Within 
individual sites or restricted geographic regions, such 
as Mer Bleue Bog or bogs in the AOSR, ternary N, P, 
K diagrams may show a tight clustering of observa-
tions suggesting some degree of stoichiometric home-
ostasis. Globally, however, where Sphagnum species 

lie on ternary plots may vary considerably depend-
ing on factors including the relative importance of 
N2-fixation versus atmospheric N deposition, patterns 
of P and K deposition, and growing season climatic 
factors. Such variation argues more for plasticity in 
N, P, and K relative abundances than for N, P, and K 
stoichiometric homeostasis as a global characteristic 
of individual Sphagnum species in bogs.

The two Vaccinium species (Vaccinium oxycoc-
cos, Vaccinium vitis-idaea) were remarkably similar 
in ternary plots (Fig. 2e, f), with no clear differentia-
tion between the six AOSR bogs and with most of the 
observations globally lying in the central triangular 
region, suggesting limitation by something other than 
N, P, or K. Beyond the AOSR bogs, for V. oxycoc-
cos the cluster of observations displaced to the right 
in the ternary diagram (Fig.  2e) are all from Dwin-
geloo Bog in the Netherlands where at the time of 
sample collection, N deposition was extremely high 
(37  kg  N  ha−1  year−1; Heijmans et  al. 2002; Hoos-
beek et  al. 2002). This result is consistent with the 
potential for bog plants to become P-limited (and/or 
K-limited) in high N deposition environments (Good-
man and Perkins 1968; Aerts et  al. 1992; Gunnars-
son and Rydin 2000; Hoosbeek et al. 2002; Bragazza 
et al. 2004; Phuyal et al. 2008; Jiroušek et al. 2011). 
The non-AOSR observations for V. vitis-idaea over-
lap considerably with the observations from the six 
AOSR bogs (Fig. 2F). Both V. oxycoccos and V. vitis-
idaea are small plants with fine root systems that are 
very close to the peat surface. As such, Malmer et al. 
(1994) suggested that V. oxycoccos (and presumably 
V. vitis-idaea) may rely on the same nutrient sources 
as Sphagnum mosses. Further shallow-rooted Vac-
cinium species may rely on the water-conducting 
capacity of Sphagnum mosses for their water sup-
ply (Malmer et al. 1994). Periodic drying of surface 
peat is deleterious to V. oxycoccos (and presumably 
V. vitis-idaea) (Rodwell 1991). Therefore, it may be 
the case that these two Vaccinium species are more 
limited by water availability than by nutrient avail-
ability, at least in Alberta, but possibly globally. In 
a previous study, we found that V. oxycoccos and V. 
vitis-idaea leaf N concentrations were positively cor-
related with growing season N deposition, but V. oxy-
coccos and V. vitis-idaea leaf P or K concentrations 
were not positively correlated with growing season 
P or K deposition, respectively (Wieder et  al. 2021, 
2022). The sclerophyllous leaves of these two species 



366	 Biogeochemistry (2022) 160:355–379

1 3
Vol:. (1234567890)

not only minimize water loss, but also are associated 
with a high nutrient use efficiency (Small 1972a,b; 
Chapin III 1980). For all of these reasons, these two 
Vaccinium species may exhibit stoichiometric homeo-
stasis with respect to N, P, and K, as indicated by the 
tight clustering of global observations in ternary dia-
grams, without being clearly limited by any of these 
three elements.

Like the two Vaccinium species, Rhododendron 
groenlandicum roots can form associations with eri-
coid mycorrhizae (Malloch and Malloch 1981; Mas-
sicotte et al. 2005; Hébert and Thiffault 2011). How-
ever, the roots of R. groenlandicum penetrate deeper 
into the peat (mean depth of 45 cm at the Acadia For-
est Experiment Station, New Brunswick; Flinn and 
Wein 1977). As with the two Vaccinium species, in a 
ternary plot, R. groenlandicum observations from the 
six AOSR bogs mostly cluster in the central triangular 
region, with a small group of observations from the 
two bogs most distant from oil sands operations dis-
placed upwardly into the P or P + N-limitation region 
in 2018, but not in 2019 (Fig.  2g). Across the six 
AOSR bogs, R. groenlandicum leaf K:P ratios were 
stoichiometrically maintained at an average value of 
4.78 ± 0.14 (mean ± standard error, n = 278) in the 
face of the relative abundance of N ranging from 30 
to 70% of N + 10P + K (Fig.  2g). At Mariana Lake 
Bog, Alberta, experimental N addition stimulated R. 
groenlandicum net primary production, but only at N 
addition rates in excess of 22.6 kg N ha−1  year−1; N 
addition led to an increase in R. groenlandicum leaf 
N concentrations in only one of the 5 years of N fer-
tilization (Wieder et al. 2019). Further, there was no 
clear trend in R. groenlandicum net primary produc-
tion at the six AOSR bog sites with distance from the 
oil sands industrial center in either 2018 or 2019 (Vitt 
et al. 2020). It may be the case that the N deposition 
gradient across the six AOSR bog sites is not suffi-
ciently steep to affect R. groenlandicum net primary 
production. However, at five bogs in the AOSR, C:N 
ratios in R. groenlandicum leaves were inversely cor-
related with growing season NH4

+–N and NO3
−–N 

deposition (Wieder et al. 2021).
Further, across 19 bogs in a 3255 km2 region cen-

tered on the oil sands industrial center, N concentra-
tions in R. groenlandicum leaves were positively cor-
related with interpolated NH4

+-N, NO3
−–N and DIN 

deposition (Wieder et  al. 2016a). Fertilization of an 
Alberta bog at a rate of 30 kg N ha−1  year−1 had no 

significant effect on R. groenlandicum production (Li 
and Vitt 1997), while fertilization of another Alberta 
bog at extremely high levels (150 kg  ha−1  year−1 of 
N, 21.5 kg ha−1  year−1 of P) inhibited the growth of 
R. groenlandicum (Thormann and Bayley 1997). 
Increases in leaf N concentration with increasing 
N deposition without a stimulation of net primary 
production suggests that R. groenlandicum is not 
N-limited, at least in bogs of the AOSR, and can take 
up and store N in leaf tissues when N availability 
increases.

For R. groenlandicum beyond the six AOSR bog 
sites, some observations lie within the central tri-
angular region in the ternary plot, while some are 
in the N-limitation region and some are in the P or 
P + N-limitation region (Fig.  2g). The tight con-
trol on the K:P ratio observed for the AOSR bogs 
does not extend to R. groenlandicum at other sites 
(Fig.  2g). Ternary NPK plots for R. groenlandicum 
at Mer Bleue Bog, Ontario, show observations from 
control (unfertilized) plots in the central triangular 
region with N fertilization alone displacing observa-
tions upward into the P- or P + N-limitation region, 
and P + K or N + P + K fertilization displacing obser-
vations downward into the N-limitation or the K- or 
K + N-limitation region (Wang et  al. 2016). These 
fertilization experiments led to a conclusion that 
shrubs at Mer Bleue, including R. groenlandicum are 
N and P co-limited (Wang et  al. 2016). That fertili-
zation can shift the locations of observations in NPK 
ternary diagrams suggests plasticity in element ratios 
more than strong stoichiometric homeostasis.

Picea mariana observations fall within the 
N-limitation sector of the ternary diagram, with no 
clear differences between the six AOSR bogs, and 
with observations beyond these bogs also reflecting 
N-limitation (Fig. 1h). Beyond the AOSR bogs, some 
observations suggest K- or K + N-limitation. Experi-
mental fertilization at Mariana Lake Bog at rates up 
to 25 kg N ha−1 year−1 stimulated P. mariana growth 
and led to small increases in N concentrations in first-
year needles (Wieder et  al. 2019). Under extremely 
high rates of N fertilization (up to 672  kg  ha−1) P. 
mariana growth can be stimulated by K and/or P fer-
tilization (Alban and Watt 1981; Wells 1994), reflect-
ing a shift from N- to K- and/or P-limitation. Over-
all, P. mariana is N-limited, with broad ranges of the 
relative abundances of N, P, and K and little evidence 
of strong stoichiometric NPK homeostasis (Fig. 1h).
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Ca, Mg, K ternary diagrams

Given that there is no evidence for Ca- or Mg-limita-
tion of any lichen/plant species in bogs, and evidence 
for potential K-limitation only under very high N dep-
osition, CaMgK ternary diagrams  are used there to 

assess stoichiometric relationships, not nutrient limi-
tation. Across the six AOSR bogs, Ca and Mg deposi-
tion, most likely influenced by fugitive dust, decreases 
with distance from the oil sands industrial center, and 
K deposition differs between sites, possibly reflect-
ing spatial variability in the effects of wildfires on K 

A B C

D E F

G H

Fig. 2   Ternary N, P, K diagrams for each of the eight bog 
lichen/plant species at the six Alberta bog sites samples in 
2018 and 2019 and for other bog and non-bog sites globally. 
Dashed lines indicate critical ratios from Olde Venterink et al. 
(2003). Also following Olde Venterink et  al. (2003) regions 

indicating N-limitation, P- or P + K-limitation, and K- or 
K + N-limitation are identified. Observations in the central tri-
angular region do not clearly indicate N, P or K-limitation, or 
than a factor other than N, P, or K is limiting. For visual rea-
sons, P concentration is multiplied by 10
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deposition (Fig. S1; Wieder et al. 2022). These spa-
tially variable deposition regimes allow for the exam-
ination of the extent to which bog lichen/plant species 
exhibit evidence for stoichiometric homeostasis with 
respect to Ca, Mg, and K. In interpreting ternary Ca, 
Mg, K diagrams, the primary focus is the six AOSR 
bogs, and secondarily, to assess whether stoichiomet-
ric patterns, if they exist, can be extended to other 
sites globally.

In these CaMgK ternary diagrams when obser-
vations are arrayed vertically, a relatively constant 
Mg:K ratio is indicated in the face of variable Ca 
abundances; when observations are arrayed from 
upper left to lower right, a relatively constant Ca:Mg 
ratio is indicated in the face of variable K abundances, 
and when observations are arrayed from lower left to 
upper right, a relatively constant Ca:K ratio is indi-
cated in the face of variable Mg abundances. When 
these patterns appear, lines indicating average ele-
ment ratios are included in Fig. 3.

The two lichen species differ with respect to Ca, 
Mg, K relationships (Fig. 3a, b), which is surprising 
given that both Cladonia mitis and Evernia mesomor-
pha are associations between an ascomycete fungus 
and non-N2-fixing green algal symbiont in the genus 
Trebouxia (Piercey-Normore 2004, 2006). For C. 
mitis, across the six AOSR bog sites, observations 
cluster in the same general region with no clear dif-
ferences between sites (Fig. 3a), suggesting a degree 
of stoichiometric homeostasis, especially with respect 
to Ca:Mg ratios, which have lower coefficients of 
variation than for K:Ca or K:Mg (Table S4). Beyond 
the six AOSR bogs, however, observations are more 
variable (Fig. 3a), suggesting that the degree of stoi-
chiometric homeostasis observed for the AOSR bogs, 
especially for Ca:Mg, does not prevail globally. In 
contrast, observations for E. mesomorpha suggest 
stoichiometric homeostasis with respect to K:Mg 
ratios, which are relatively constant in the face of 
quite variable Ca relative abundances (Fig. 3b). This 
pattern is also reflected in the much lower coefficient 
of variation for K:Mg than for K:Ca or Ca:Mg for E. 
mesomorpha across the AOSR bogs (Table S4). Fur-
ther, the observations for E. mesomorpha are arrayed 
along a gradient of increasing Ca relative abundance 
with proximity to the oil sands industrial center, most 
likely reflecting the influence of Ca- and, to a lesser 
extent, Mg-rich fugitive dust from oil sands opera-
tions (Wieder et al. 2022).

Beyond the six AOSR sites, E. mesomorpha obser-
vations also suggest K:Mg homeostasis, but with a 
greater degree of variability (Fig.  3b). Lichens can 
accumulate cations abiotically by particulate trapping, 
retention of soluble cations by cation exchange on cell 
surfaces, retention of newly formed cations from dis-
solution of trapped particulates, or biotically through 
intracellular uptake (Nieboer et  al. 1978). Further, 
the relative role of the fungal versus algal symbiont 
in Ca, Mg, or K accumulation is unknown. As such, 
the physicochemical and physiological bases behind 
apparent Ca, Mg, K stoichiometric homeostatic rela-
tionships in lichens remains poorly understood.

Across the six AOSR bogs, the general distribu-
tion of observations for the two Sphagnum species 
was similar, with no clear differences between sites 
(Fig. 3c, d). There is a suggestion that for S. capillifo-
lium, there is tighter control of Ca:Mg ratios over var-
ying K abundances (Fig. 3c), which is also reflected 
in the lower coefficient of variation for the Ca:Mg 
ratio than for K:Ca or K:Mg ratios (Table S4). For S. 
fuscum, however, coefficients of variation are similar 
for Ca:Mg, K:Ca, and K:Mg ratios (Table S4). Results 
from the two Sphagnum species at the 6 AOSR bogs 
differ considerably from findings at Mer Bleue Bog, 
Ontario, where ternary Ca, Mg, K diagrams indicated 
that mosses (Sphagnum capillifolium, Sphagnum 
magellanicum, Polytrichum strictum in combination) 
maintained a fairly constant K relative abundance 
(10%) while Ca relative abundance ranged from 20 
to 40% and Mg relative abundance ranged from 50 to 
70%; moss Ca, Mg, K stoichiometry was not clearly 
related to availability in peat as assessed using plant 
root simulator probes (Wang et  al. 2018). Whether 
the relatively close clustering of observations for S. 
capillifolium at the six Alberta sites extends more 
generally to other regions cannot be assessed given 
the paucity of data for sites beyond the six AOSR 
bogs. In contrast, observations for S. fuscum beyond 
the AOSR bogs indicate a greater overall variability 
(Fig.  2d), suggesting that the stoichiometric homeo-
stasis indicated by the relatively close clustering of 
observations from the AOSR bogs is not a character-
istic of S. fuscum globally.

Among the vascular plant species, Vaccinium oxy-
coccos had a unique pattern of a very tight cluster-
ing of observations in the ternary diagram, with no 
clear differences between the six AOSR bog sites 
(Fig. 3e). Coefficients of variation for Ca:Mg, K:Ca, 
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and K:Mg ratios were similar (Table S4) suggesting a 
tight three-way Ca, Mg, K stoichiometric homeosta-
sis, which appears to prevail at sites beyond Alberta, 
especially for bogs. Different patterns are manifested 
for the other three vascular plant species. While 
many of the observations for V. vitis-idaea from the 
AOSR bogs also cluster in the upper left regions of 
the ternary plot with no clear differences between 
sites, the pattern suggests a maintenance of nar-
row Ca:Mg ratios across a range of K relative abun-
dance (Fig.  3f). This pattern is supported by lower 
coefficients of variation for Ca:Mg ratios than for 
K:Ca or K:Mg ratios (Table S4). The patterns for V. 
vitis-idaea for the AOSR bogs appear to be consist-
ent with sites beyond Alberta, even though none of 
these sites are bogs (Fig. 3f, Tables S2, S3). For the 
six AOSR bogs, observations for R. groenlandicum in 
the ternary plot (Fig.  3g), along with coefficients of 
variation (Table  S4), indicate a maintenance of nar-
row Ca:Mg ratios across wide ranges of K relative 
abundance, similar to the patterns observed for V. 
vitis-idaea. These patterns exist for R. groenlandicum 
beyond the AOSR bogs, but with a higher degree of 
variability (Fig. 3g).

At Mer Bleue Bog, Ontario, Ca, Mg, K ternary 
diagrams showed that shrubs (Chamaedaphne caly-
culata, Rhododendron groenlandicum, Vaccinium 
myrtilloides, Kalmia angustifolia, combined) main-
tained a relatively constant Mg relative abundance 
of about 10%, while K and Ca relative abundances 
varied between 40 and 60% across control and 
experimentally fertilized plots (Wang et  al. 2018). 
A similar pattern was obtained for Ca, Mg, and 
K availability assessed using plant root simulator 
(PRS) probes, suggesting that plant tissue stoichiom-
etry mirrored availability in peat. Overall, Ca:K:Mg 
ratios in shrub leaves were 4:2:1 and in PRS probes 
were 4:4:1 (Wang et al. 2018). Across the six AOSR 
bogs, Ca:K:Mg ratios in the shrub species V. oxy-
coccos, V. vitis-idaea, and R. groenlandicum were 
6:3:1 (n = 180), 3:3:1 (n = 179), and 3:6:1 (n = 179), 
respectively; collectively for the three shrub species 
Ca:K:Mg ratios were 4:4:1. Although shrub Ca:K:Mg 
ratios were similar between Mer Bleue Bog and the 
AOSR bogs when the three shrub species were com-
bined, the stoichiometric relationships between the 
three individual shrub species in the AOSR bogs 
were quite different. Treating bog shrubs collectively 

as a plant functional group may belie species-specific 
differences in elemental stoichiometries.

The ternary diagram for Picea mariana suggests 
two patterns related to stoichiometry for the AOSR 
bog sites. At relatively high Ca abundance, a tight 
Ca:Mg ratio is maintained, and at relatively low Ca 
abundance a tight K:Mg ratio is maintained (Fig. 2h), 
with no evident differences between sites. Beyond 
the AOSR bogs, observations tended to have lower 
relative K relative abundance and higher relative Ca 
abundance. These differences are reflected in aver-
age Ca:K:Mg ratios of 3:10:1 for the AOSR bogs and 
4:3:1 for the other sites, suggesting a relatively high 
K availability, uptake, and storage of K for P. mar-
iana in the AOSR bogs. At the AOSR bog sites, P. 
mariana needle Ca, Mg, or K concentrations were 
not correlated with Ca, Mg, or K deposition, respec-
tively, as measured using ion exchange resin collec-
tors (Wieder et al. 2022). Nonetheless, the consider-
able spread of the observations in Fig.  3h could be 
the result of within-site and between-site variability 
in the capture of base cations in dry deposition onto 
needle surfaces.

Niche volumes and scaling

The niche volume approach of Ågren and Weih 
(2020) allows for interpretations in lichen/plant regu-
lation of element uptake relative to changing N and 
P concentrations, thus the niche volume approach is 
relevant to stoichiometry, but not nutrient limitation 
questions. When VOth is calculated for a single ele-
ment (other than N or P), a scaling coefficient (α) 
of 1 indicates that VNP and VOth increase proportion-
ally, which would indicate stoichiometric homeo-
stasis (constant ratio of the element to NxP as NxP 
increases). A scaling coefficient < 1 indicates that 
concentrations of other elements in lichen/plant tissue 
increase more slowly than concentrations of N and 
P; a scaling coefficient > 1 indicates that concentra-
tions of other elements in lichen/plant tissue increase 
more rapidly than concentrations of N and P. Scaling 
coefficients that are significant, but either greater than 
or less than 1, suggest lichen/plant regulation of ele-
ment uptake relative to N and P, but in such a way 
that does not maintain constant element ratios, i.e., 
scaling exists, but regulation of element uptake does 
not lead to stoichiometric homeostasis. Nonsignifi-
cant regressions indicate an absence of scaling, and 
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a lack of regulation of element uptake relative to N 
and P, also reflecting an absence of stoichiometric 
homeostasis. As the number of elements included in 
VOth increases, scaling coefficients also increase, spe-
cifically by 0.703 for each additional element beyond 
1 (Ågren and Weih 2020). Ågren and Weih (2020) 
used 10 published data sets to estimate scaling coef-
ficients between VNP and VOth , where VOth included 
Ca, Mg, K, and S. Scaling coefficients ranged from 
0.938 and 2.479; when data sets from individual stud-
ies included different treatments or other factors, dif-
ferences between scaling coefficients between data 
subsets were small.

For the six AOSR bogs, overall there was wide-
spread significance of regressions between VNP and 
VOth , with scaling coefficients ranging from −  1.18 
to 3.42 (Table 3). Several notable patterns in scaling 
coefficients were observed. When VOth included Ca, 
Mg, K, and S, scaling coefficients across all six bog 
sites were significant except for S. capillifolium and 
V. vitis-idaea. When these overall scaling coefficients 
were significant, differences between the six bog sites 
often were small and/or did not progressively change 
with increasing distance from the oil sands industrial 
center. Ågren and Weih (2020) showed that when VOth 
included four elements, a scaling coefficient of 2.4 
was obtained. While scaling coefficients for the two 
lichens and the two Sphagnum species across the six 
bog sites ranged from 2.3 to 3.4, coefficients for the 
vascular plant species were considerably lower, rang-
ing from 0.6 to 1.5 (Table 3). Thus, as N and P con-
centrations in lichen/plant tissues increase, lichens 
and Sphagnum can increase their Ca, Mg, K, and S 
concentrations at a faster rate than the vascular plant 
species. These differences could be related to the 
much greater role of cation exchange in retaining base 
cations in lichens and Sphagnum than in in vascular 
plants (Wieder et al. 2022), so the differences may be 
related more to abiotic than biotic factors. In general, 
scaling coefficients for Ca and Mg, but not K, were 
higher for the lichens and Sphagnum species than 
for  the four vascular plant species, which would be 
expected given the higher affinity of cation exchange 
sites for divalent cations than monovalent cations. 
For the vascular plant species, several of the scal-
ing coefficients for Ca and Mg were negative, which 
could be the result of the dilution of leaf Ca and Mg 
concentrations associated with stimulated growth 
associated with increasing N and P concentrations 

(Ågren and Weih 2020). At Mer Bleue Bog, Ontario, 
eight  years of NPK fertilization led to decreases in 
leaf Ca concentrations in Rhododendron groenlandi-
cum, Chamaedaphne calyculata, and Vaccinium myr-
tilloides, with a suggestion of a similar response for 
leaf Mg concentrations (Bubier et al. 2011).

Within-species scaling coefficients for S were gen-
erally variable between the six bog sites except for 
R. groenlandicum and P. mariana for which S scal-
ing coefficients were all significant and positive, but 
less than 1, indicating a slower rate of S accumulation 
in leaves/needles than of N and P. The physiologi-
cal/physicochemical mechanisms that may drive this 
relationship are not known.

Summary and synthesis

Ecological stoichiometry has been a compelling 
concept for decades (van der Waal et al. 2018), with 
Sterner and Elser (2002) arguably providing a catalyst 
for considerable research across a variety of terres-
trial, aquatic, and wetland systems. Only a few stud-
ies, however, have focused on element stoichiometric 
homeostasis in bogs (Wang and Moore 2014; Wang 
et al. 2016, 2018). There is no objective criterion to 
determine with certainty that a particular species or 
plant functional group does or does not exhibit stoi-
chiometric homeostasis with regard to tissue element 
concentrations. Rather, data are examined for pat-
terns that may suggest stoichiometric homeostasis 
using pairwise element ratios, coefficients of varia-
tion for single elements or element ratios, grouping of 
observations in ternary diagrams, and niche volume 
theory, along with other approaches, as well. Subjec-
tive interpretation is used to assess any patterns that 
emerge; sometimes these emergent patterns have 
been explained mechanistically by our understand-
ing of physiological/physicochemical processes, but 
sometime not. Stoichiometric homeostasis is related 
to nutrient limitation in that as the availability of a 
limiting nutrient increases, the uptake of other non-
limiting nutrients would have to increase proportion-
ately in order to maintain stoichiometric homeostasis.

With respect to the question of whether the eight 
lichen/plant species in the six bogs in the AOSR 
exhibit stoichiometric homeostasis, the evidence is 
mixed. Given that atmospheric deposition of N, P, 
K, S, Ca and Mg differs considerably between the 
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six AOSR bogs (Fig. S1), and assuming that these 
differences reflect differences in nutrient availabil-
ity between sites, similar element ratios across all of 
the bogs would support the concept of stoichiomet-
ric homeostasis. However, in general, element ratios 
differed between at least two of the bogs, although 
differences did not parallel patterns of element 

deposition (Fig. S1). When statistically significant 
differences in element ratios between bogs occurred, 
however, the magnitude of the differences often was 
quite small. Using a criterion of mean element ratios 
at each of the six bogs being within 25% of the mean 
across all of the six bogs, there was widespread stoi-
chiometric homeostasis, although which element 

A B C

D E F

G H

Fig. 3   Ternary Ca, Mg, K diagrams for each of the eight bog 
lichen/plant species at the six Alberta bog sites samples in 
2018 and 2019 and for other bog and non-bog sites globally. 
Dashed lines where shown indicate mean Ca:Mg or K:Mg 

ratios averaged across the Alberta bogs and the two years of 
sampling. For visual reasons, Ca and Mg concentrations are 
multiplied by 5
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ratios met the 25% criterion differed both within and 
between species (Fig. 1, Table S3).

Ternary diagrams were especially useful in assess-
ing stoichiometric homeostasis, revealing patterns 
that were not especially evident through examination 
of individual element ratios and their coefficients of 
variation. The NPK ternary diagrams exhibited unex-
pected relationships. The two lichen species exhibited 
very tight control over K:P ratios over a broad range 
of N relative abundances, both for the six AOSR bogs 
and beyond (Fig. 2). A physiological basis for this is 
not known. The two Sphagnum species and the two 
Vaccinium species in the six AOSR bogs displayed 
fairly tight clusters in their NPK ternary plots, sug-
gesting a high degree of three-element stoichiomet-
ric homeostasis, but for three of these species, data 
from sites beyond Alberta were shifted away from the 
Alberta cluster, suggesting plasticity in stoichiometry 
on a global basis.

Ternary CaMgK diagrams also revealed unan-
ticipated results, with six of the lichen/plant species 
maintaining narrow Ca:Mg variability over a wide 
range in K abundance and/or narrow K:Mg vari-
ability over a wide range in Ca abundance (Fig.  3). 
These patterns often were evident for sites beyond 
the AOSR bogs, suggesting a geographically broad 
stoichiometric homeostasis for Ca:Mg and/or K:Mg, 
although a mechanistic physiological basis behind 
these patterns is not known.

Recognizing the cumbersome nature of examin-
ing element ratios for several elements (in this case, 6 
elements and 15 pairwise ratios; Table 1), Ågren and 
Weih (2020) proposed a more streamlined approach 
based on niche volume theory. Overall, the niche vol-
ume approach indicates widespread significant scal-
ing of lichen thallus/Sphagnum capitula/leaf/needle 
Ca, Mg, K, and S concentrations individually and in 
combination as related to N and P concentrations. 
Across the eight lichen/plant species in the six AOSR 
bogs, rarely are the scaling coefficients approxi-
mately  equal to 1 (Table  3), suggesting that while 
these eight lichen/plant species may control Ca, Mg, 
K, and S uptake and storage in relation to N and P, 
stoichiometric homeostasis, i.e. the maintenance of 
relatively constant ratios of Ca, Mg, K, and S to N 
and P, is not strongly indicated.

With respect to nutrient limitation, the Koerselman 
and Meuleman (1996) approach assumes that plants 
are N-limited, P-limited, or N + P-colimited. Often Re
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using mean N:P ratios for a species within a par-
ticular site or region, a species will be categorized 
as being in one of these three nutrient limitation cat-
egories. When Olde Venterink et al. (2003) added the 
possibility of K-limitation, N:P, N:K, and K:P ratios 
placed species into one of three categories: N-limita-
tion, P- or P + N-limitation, or K or K + N-limitation. 
It is possible, however, that the three element ratios 
would not fall into any of the nutrient limitation 
categories, as was sometimes the case in this study 
(Fig.  3, Table  2). Olde Venterink et  al. (2003) used 
NPK ternary diagrams to visualize element ratio 
means and place species into one of the three nutri-
ent limitation categories, as well as a fourth region of 
the ternary diagram where neither N-, P-, nor K-lim-
itation is indicated. Plotting raw data in NPK ternary 
diagrams (individual observations rather than means), 
as done here (Fig. 2), illustrates within-species vari-
ability, and can reveal stoichiometric relationships 
between these three elements.

While in general, the three approaches to determin-
ing nutrient limitation in the eight species examined 
here produced noncontradictory results (Table 2), the 
Olde Venterink et  al. (2003) approach using mean 
values for N:P; N:K, and K:P ratios and ternary 
diagram approach often revealed that a species can 
be limited in different ways depending on where it 
grows. Different nutrient limitation in different loca-
tions for a given species does not appear to be related 
to whether the species grows in bog or non-bog habi-
tats, but rather may be due, at least in part to species 
being N-limited in low N deposition (low N availabil-
ity) habitats, with shifts to P- or K- limitation in high 
N deposition habitats (e.g. Goodman and Perkins 
1968; Aerts et al. 1992; Gunnarsson and Rydin 2000; 
Hoosbeek et  al. 2002; Bragazza et  al. 2004; Phuyal 
et al. 2008; Jiroušek et al. 2011). Because N deposi-
tion and/or N availability often is not given in pub-
lished papers with lichen/plant tissue chemistry data, 
the extent to which changing N deposition regimes 
affects nutrient limitation cannot be rigorously exam-
ined using this data set.

Ternary NPK diagrams rather clearly indicated 
that most of the observations for the two Sphag-
num species and the two Vaccinium species in the 
six AOSR bog sites clustered into the central trian-
gular region where neither N-, P-, of K-limitation 
is indicated (Fig.  1). For the Sphagnum species, the 
absence of clear N-limitation is likely, at least in part, 

the result of methanotrophic N2-fixation in moss 
capitula, representing a much higher input of N than 
atmospheric deposition (Vile et  al. 2014; Wieder 
et al. 2019). Given this, a pattern indicative of P- or 
K-limitation in the NPK ternary diagrams might have 
been expected, but was not observed. For the Sphag-
num and Vaccinium species in the AOSR bogs, water 
availability may be more of a limiting factor than 
nutrient availability, especially given the relatively 
dry climate in which Alberta bogs exist, as compared 
to boreal bogs globally. For sites beyond the AOSR 
bogs, higher N deposition and attendantly lower 
N2-fixation along with wetter climates could shift 
the Sphagnum and Vaccinium species into regions of 
either N-limitation or P- or P + N-limitation, as was 
sometimes seen (Fig. 2).

As a final note, boreal bogs have existed for mil-
lennia in environments where atmospheric nutrient 
deposition was most likely uniformly low, but pre-
cipitation/evaporation regimes may have been quite 
variable. Bogs would have been acidic, nutrient poor 
ecosystems worldwide. One could speculate that the 
nutrient limitation indications in Table 2 might have 
been largely either N-limitation or neither N-, P-, nor 
K-limitation (water limitation) if data had been col-
lected prior to the Industrial Revolution. Of course, 
this is a non-testable hypothesis. But if true, the 
within-species and between-species variability in 
nutrient limitation seen in Table 2 and Fig. 2 would 
illustrate the extent to which anthropogenic alteration 
of nutrient deposition regimes has altered bog eco-
system function, as indicated by which elements are 
limiting to individual species in bogs, and whether 
for a given species limiting elements are consistent at 
local, regional, and global scales.
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