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ABSTRACT

Ratios of carbon (C) and nitrogen (N) stable isotopes in plants are important indicators of intrinsic
water use efficiency and N acquisition strategies. Here, we examined patterns of inter- and
intraspecific variations and phylogenetic signal in foliar 6'>C and §'°N for 59 alpine tundra plant
species, stratifying our sampling across five habitat types. Overall, we found that variation in both
8'3C and 8'°N mirrored well-known patterns of water and nitrogen limitation among habitat types
and that there was significant intraspecific trait variation in both 8'C and §'°N for some species.
Lastly, we only found a strong signal of phylogenetic conservatism in §'3C in two habitat types and
no phylogenetic signal in §'°N. Our results suggest that although local environmental conditions
do play a role in determining variation in §'3C and §'°N among habitat types, there is considerable
variation within and among species that is only weakly explained by shared ancestry. Taken
together, our results suggest that considering local environmental variation, intraspecific trait
variation, and shared ancestry can help with interpreting isotope patterns in nature and with
predicting which species may be able to respond to rapidly changing environmental conditions.
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Introduction (i.e., Cavender-Bares et al. 2009), far fewer studies have
examined these same patterns in plant stable isotopes
(i.e., Goud and Sparks 2018; Prieto et al. 2018; Roscher
et al. 2018; Vitdria et al. 2018; Majekova et al. 2021).
The isotopes of two key elements that are linked to
physiological processes are '>C and '"N. Foliar carbon
isotope (5"°C) values in plants are related to the balance
of photosynthesis and foliar water loss and their coupled
response to variation in the environment (Farquhar,
Oleary, and Berry 1982; Farquhar, Ehleringer, and Hubick

As trait-based approaches in community ecology are
becoming more prevalent (e.g., Kraft, Valencia, and
Ackerly 2008; Hulshof and Swenson 2010; Adler et al.
2013; Carmona et al. 2016), there has been an increased
interest in understanding whether species’ traits vary
predictably along environmental gradients (Diaz et al.
2007; Cornwell and Ackerly 2009; Spasojevic et al. 2014)
and what shapes patterns of functional trait variation

within and among species (Albert et al. 2010; Violle
et al. 2012; Hulshof et al. 2013). Though it is increasingly
evident that variation in plant functional traits among
some species (or lack thereof) is a result of both selection
by the environment (i.e., Bloor and Grubb 2004; Gratani
2014) and phylogenetic history (i.e., Cavender-Bares,
Keen, and Miles 2006; Swenson and Enquist 2007),
there is no clear indication of when one is more impor-
tant (Flores et al. 2014; J. Yang et al. 2014; Forrestel,
Ackerly, and Emery 2015; Bhaskar et al. 2016).
Importantly, though many studies have examined envir-
onmentally driven inter- and intraspecific trait variability
and phylogenetic history in plant morphological traits

1989; Cernusak et al. 2013). Specifically, §"°C is controlled
by the ratio of intercellular (¢;) to ambient (c,) CO, con-
centrations where plants become enriched in >C by any
process that increases the difference between ¢; and c,
(Farquhar, Oleary, and Berry 1982). Importantly, there is
a significant relationship between c;/c, and plant intrinsic
water use efficiency (iWUE), where 8PC provides an esti-
mate of the long-term iWUE of a plant (Ehleringer 1989;
Farquhar, Ehleringer, and Hubick 1989). Some plants can
rapidly respond to decreased water availability by increas-
ing their iWUE and thus altering their §"°C, suggesting
a key role for environmental variation in influencing differ-
ences in 8"”C within and among species (Farquhar,
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Ehleringer, and Hubick 1989; Corcuera, Gil-Pelegrin, and
Notivol 2010; Ramirez-Valiente et al. 2010). In contrast,
some plants maintain their §'°C values when grown under
different environmental conditions (Ehleringer 1989;
Farquhar, Ehleringer, and Hubick 1989; Goud, Prehmus,
and Sparks 2021), suggesting that variation in §"°C among
species may be in part determined by the evolutionary
history of a species (Korner, Farquhar, and Wong 1991;
Anderson et al. 1996; Y. Yang, Siegwolf, and Korner 2015).

Foliar nitrogen isotope (8'°N) values in plants can
shed light on short-term dynamics of the N cycle
(Craine et al. 2015), though variation in 8'°N is much
more difficult to explain than variation in
8"°C. Variation in observed foliar §'°N within and
among species is dependent on a combination of avail-
able nitrogen from atmospheric deposition, soils, or
bedrock (Kolb and Evans 2002) and symbioses (e.g.,
mycorrhizal fungi and N-fixing rhizobia; E. A. Hobbie,
Macko, and Williams 2000; J. E. Hobbie and Hobbie
2006). As seen with 8°C, foliar 8'°N may be under
stronger evolutionary control where species maintain
8"°N values across gradients in N availability (Miller
and Bowman 2003; Y. Yang, Siegwolf, and Korner
2015) or, alternatively, §'"°N may vary greatly between
conspecific individuals in response to differences in soil
N availability (Bustamante et al. 2004).

To date there have been relatively few tests for
a phylogenetic signal in C and N isotopes for plants, with
most studies assuming that variation in C and N isotopes is
largely a result of environmental variation. In one of the
handful of studies to examine the relative roles of environ-
ment control and phylogenetic history in §"°C and §'°N for
plants, Goud and Sparks (2018) found that both §'°C and
8'"°N exhibited significant trait conservatism (closely related
species were more similar than expected by chance) for
a group of fifty-seven plant species in the Ericaceae.
Moreover, by sampling over broad environmental gradient
including swamps and riparian zones in the southeastern
United States, California chaparral, and arctic tundra in
northern Canada, they found that phylogenetic history
played a stronger role in influencing intraspecific variation
in isotope values than the environment, except in some
specialized environments (Goud and Sparks 2018).
Similarly, Prieto et al. (2018) found that leaf §"°C was highly
conserved across sites with different climate and environ-
mental conditions, Majekova et al. (2021) found a strong
phylogenetic signal for §"°C in graminoids, and Roscher
et al. (2018) found a strong phylogenetic signal in "N,
supporting the idea that phylogenetic history may have
played a stronger role in influencing isotope values than
local environmental variation. Though these studies pro-
vide an excellent broad-scale assessment of the roles of
environment and phylogenetic history, we still lack a clear
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picture of whether these patterns are consistent across
a broader phylogeny (multiple families), whether the rela-
tive importance of phylogenetic history and environmental
variation differs at smaller spatial scales, and whether these
patterns hold true for alpine tundra plants.

Here, we examined patterns of foliar §>C and 8"°N for
59 species across twenty plant families in alpine tundra.
Due to the redistribution of snow by wind in the alpine
tundra, strong gradients of productivity, soil moisture,
nutrient availability, and physical stress result in a mosaic
of habitat types across alpine tundra landscapes (Bowman
and Fisk 2001; M. D. Walker et al. 2001; Bowman, Bahnj,
and Damm 2003; Seastedt et al. 2004; Litaor, Williams, and
Seastedt 2008). These habitat types include fellfield, domi-
nated by cushion plants (Silene acaulis [Caryophyllaceae],
Minuartia obtusiloba [Caryophyllaceae], and Trifolium
dasyphyllum [Fabaceae]) and lichens; dry meadow, domi-
nated by Kobresia myosuroides (Cyperaceae); moist mea-
dow, co-dominated by Deschampsia caespitosa (Poaceae)
and Geum rossii (Rosaceae); wet meadow, dominated by
Carex scopulorum (Cyperaceae), Pedicularis groenlandica
(Orobranchaceae), and Caltha leptosepala (Ranuncul
aceae); and late melting snowbanks, dominated by Carex
pyrenaica  (Cyperaceae) and Sibbaldia procumbens
(Rosaceae; May and Webber 1982; D. A. Walker et al.
1993; M. D. Walker et al. 2001). Transitions among habitat
types can be sharp, with transitions among habitat types
occurring over gradients of 10 m or less in length
(Spasojevic and Suding 2012). To better understand pat-
terns of inter- and intraspecific trait variation in alpine
plants, we examined patterns of inter- and intraspecific
variations in foliar §"°C and 8"°N across these habitat
types and explored patterns of phylogenetic conservatism
within and among habitat types. If environmental variation
is a key determinant of §"°C and "N, then we would
expect habitats to differ in species mean isotope values in
ways that reflect known patterns of water and nitrogen
limitation and that the species found in multiple habitat
types would exhibit intraspecific trait variation (ITV) in
8"°C and 8"N as individuals alter their isotope values in
response to this environmental variation through either
plasticity or local adaptation. If phylogenetic history
strongly influences patterns of §°C and §"°N, we expect
stronger phylogenetic conservatism in §°C and §"N
within and among habitats.

Methods
Study location

This study was conducted in alpine tundra at the Niwot
Ridge Long Term Ecological Research (LTER) site (40°
03'N, 105°35'W, 3,528 m.a.s.l.). Located in the Front
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Range of the Colorado Rocky Mountains, Niwot Ridge
has a short growing season (approximately three
months) with a mean annual temperature of -2.3°C
(6.5°C in the growing season) and an average annual
precipitation of 884 mm, with the majority of the pre-
cipitation (94 percent) falling as snow (Litaor, Williams,
and Seastedt 2008). Annual daily wind speeds average
8.1 m s~', with an average annual daily maximum wind
speed of 19.8 m s™' (Losleben and Chowanski unpub-
lished data). Due to these high wind speeds, an impor-
tant environmental factor in alpine tundra is the
redistribution of snow by wind (Bowman and Fisk
2001). Wind keeps fellfield and dry meadow habitats
relatively snow-free all winter, and these low-
productivity habitats are characterized by temperature
stress, low water availability, and low nitrogen availabil-
ity (Billings and Mooney 1968; M. D. Walker et al. 2001).
Blown snow accumulates in snowbank habitats, which
are buffered from wind scour and temperature stresses
in the winter and tend to be energy limited due to the
large snow accumulation. Snowmelt during the growing
season enhances water and nitrogen availability in moist
and wet meadow habitats found downhill of snowbank
habitats. Soil moisture is significantly correlated with
snowfall amounts and terrain factors that affect snow
accumulation (Taylor and Seastedt 1994).

Trait collection

We collected leaves from fifty-nine species in twenty plant
families and four functional groups (Supplementary
Table 1) during the summers of 2017 and 2018. Samples
were primarily collected next to eighty-eight permanent
1 m” plots (ranging in elevation from 3,506 to 3,568 m.a.s.
1) established in 1989 to track temporal changes in vege-
tation in the different habitat types found on Niwot Ridge

Table 1. Across all alpine tundra habitat types and habitat
specific values for Pagel’s A.

Pagel's A
Habitat type 8¢ 8N
All habitat types 0.29 <0.01
Fellfield 0.43 0.75
Dry meadow 0.09 <0.01
Moist meadow 0.86 <0.01
Wet meadow 1.00 0.75
Snowbank <0.01 0.14

Bold values indicate that Pagel's A was significantly greater than 0 (p < .05).
Values equal to 1 suggest that the trait follows a Brownian process; values
equal to 0 reflect the absence of any phylogenetic correlation; intermediate
values indicate a weaker effect than expected from a Brownian motion
model (Felsenstein 1985).

(described above). Species for collection were chosen
haphazardly within each community type and twenty of
the fifty-nine species were found in multiple habitat types.
For each species in each community type we collected one
leaf from five to twenty separate individuals (all indivi-
duals were greater than 1 m apart to ensure that indivi-
duals were not clones connected belowground). Leaves
were oven dried at 60°C for four days. Approximately
10 g of dry material was then shipped to the University of
Wyoming Stable Isotope Facility (http://www.uwyo.edu/
sif/) where samples were ground with a steel ball mil and
analyzed for 8§°C and 8'°N on a Carlo Erba 1110
Elemental Analyzer coupled to a Thermo Delta V IRMS.
Isotope ratios were calculated as,

Rsample

8[C, °N| samples = ( - l>x1000

standard
where Rgmple and  Rgandara  are  the BC/C or
I5N/"N molar abundance ratios of samples, with 36-
UWSIFE-Glutamic 1 and 39-UWSIF-Glutamic 2 use as
reference samples.

Phylogenetic tree

To evaluate the importance of evolutionary history, we
created a synthesis-based phylogeny by subsetting our
taxa from the time-calibrated molecular phylogeny of
Zanne et al. (2014). We acknowledge that a purpose-
built phylogeny would provide stronger inference, but
many of the species at our site have yet to be sequenced.
However, synthesis-based phylogenies have been shown
to be robust for typical community ecology analyses, and
trait phylogenetic signal estimated with synthesis-based
phylogenies is highly correlated with estimates of Pagel’s A
from purpose-built phylogenies when traits are simulated
under Brownian motion (Li et al. 2019; Qian and Jin
2021). Prior to calculations of phylogenetic signal, we
first used the congeneric.merge function in the PEZ pack-
age, which binds missing species into the phylogeny by
replacing all members of the clade it belongs to with
a polytomy (Pearse et al. 2015). We then resolved poly-
tomies using the multi2di function in the ape package
(Paradis, Claude, and Strimmer 2004). Note that resolving
polytomies in this way does not affect branch lengths and
consequently maximum likelihood estimates of Pagel’s A
do not vary. We then calculated Pagel’s A (Pagel 1999) for
§ values of both elements using the multiPhylosignal
function in the PICANTE package in R (Kembel et al.
2010). We used Pagel’s A to quantify phylogenetic signal,
because it has been shown to be robust to branch length
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uncertainty and many of the calibration issues that affect
supertrees (Miinkemdiiller et al. 2012; Molina-Venegas and
Rodriguez 2017). Pagel’s A is a branch scaling parameter
that ranges from 0 to 1, where a X values of 0 indicate no
phylogenetic signal and a A value of 1 indicates
a phylogenetic signal found under a Brownian motion
model of trait evolution (Pagel 1999). We then used the
contMap function in the phytools package (Revell 2012) to
plot isotope values along our trimmed phylogeny. All
phylogenetic analyses were conducted in R (R Core
Team 2019).

Statistical analysis

To test for differences in species mean isotopic values
among habitat types we used a one-way analysis of var-
iance and Tukey’s post hoc comparisons to compare each
habitat type. To compare intraspecific variation in isotope
values among habitats for the twenty species found in
multiple habitats, we used a one-way analysis of variance
and Tukey’s post hoc comparisons to compare values
among each habitat type. Both analyses were conducted
in JMP version 13 (SAS 2021).

To assess the degree to which closely related species
were more similar to each other in isotope values than
expected by chance, we tested whether Pagel’s A was
greater than 0 by comparing the log-likelihood of the
fitted A with that of A = 0 using a log-likelihood ratio test
using the “phylosig” function in the phytools R package
(Revell 2012). Variables with a A greater 0.5 (at p = .05)
have a phylogenetic signal (i.e., closely related species are
more similar to each other than expected by random
chance; Miinkemiiller et al. 2012).
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Results
Habitat variation

We found that species mean isotope signatures varied
among habitats for both 8"°C and 8N (F,q; = 3.29,
p = .01 and F,g; = 3.31, p = .01 respectively; Figure 1),
with the least negative §'°C in dry meadow and the most
negative in wet meadow and the highest values for
8'°N in wet meadow and the lowest in fellfield. Tukey’s
post hoc comparisons revealed that only dry meadow
and wet meadow significantly differed from each other
in 8"°C (Figure 1), and only wet meadow and fellfield
significantly differed in §'°N (Figure 1).

Intraspecific trait variation

We found that most species exhibited some degree of
ITV in §C either within or among habitat types
(Figure 2, Appendix). Thirteen of the twenty species
that we sampled exhibited shifts in mean 8'°C values
across habitat types. Most of these species exhibited
higher 8'3C values in drier habitats (as expected), yet
a few species showed idiosyncrasies. Geum rossii had its
most negative values in fellfield habitat and highest in
snowbank habitats. This species is known to preform
leaves up to two years ahead of time, and it is unclear
how preformation of leaves may influence §"°C. Festuca
brachyphylla had much less negative §'>C values in dry
meadow than in fellfield habitat types despite both being
water limited.

Similarly, most species exhibited some degree of ITV
in 8"°N either within or among habitat types (Figure 3,
Appendix). Twelve of the twenty species that we
sampled exhibited shifts in mean §'°N across habitat
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Figure 1. Variation in (a) §"3C and (b) 6'°N among habitat types in alpine tundra. Each data point represents a species-level mean. The
longer horizontal line represents the mean value for each habitat type and shorter horizontal lines represent the standard error of the
mean. Letters represent significant differences among habitat types based on Tukey's post hoc comparisons.
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Figure 2. Intraspecific variation in 8'>C among species sampled in multiple habitat types in alpine tundra. Habitats with no data points
indicate that species was not present in that habitat type. The longer horizontal line represents the mean value for each habitat type
and shorter horizontal lines represent one standard deviation. Letters represent significant differences among habitat types based on
Tukey’s post hoc comparisons. Species codes: (a) Artemisia scopulorum (Artsco); (b) Bistorta bistortoides (Bisbis); (c) Caltha leptosepala
(Callep); (d) Carex rupestris (Carrup); (e) Carex scopulorum (Carsco); (f) Deschampsia caespitosa (Desces); (g) Erigeron simplex (Erisim); (h)
Festuca brachyphylla (Fesbra); (i) Geum rossii (Geuros); (j) Kobresia myosuroides (Kobmyo); (k) Lloydia serotina (Lloser); (1) Luzula spicata
(Luzspi); (m) Mertensia lanceolate (Merlan); (n) Minuartia obtusiloba (Minobt); (o) Oreoxis alpina (Orealp); (p) Ranunculus adoneus
(Ranado); (q) Silene acaulis (Silaca); (r) Tetraneuris acaulis (Tetaca); (s) Trifolium dasyphyllum (Tridas); (t) Trifolium parryi (Tripar).

types. Most of these species exhibited higher §'°N values
in habitats associated with higher N availability (wet
meadow, moist meadow), but some species differed
from this general pattern, which may reflect differences
in resource uptake strategies. For example, Lloydia ser-
otina had higher §"°N values in fellfield and dry mea-
dow habitats than in moist meadow. Moreover, both
N-fixing forbs (Trifolium parryi and T. dasyphyllum)
had species mean §'°N values that were negative indi-
cating uptake of nitrogen from the soil in addition to
N fixation.

Lastly, we found seven species exhibiting ITV in
values of both elements, and three species exhibited no
ITV in isotope composition of both elements. These
three species included a sedge (Carex rupestris), a forb
(Oreoxis alpine), and an N-fixing forb (Trifolium parryi)
that are most abundant in different habitat types and
have little in common. Lastly, we found no general
patterns in ITV within or among functional groups
with some grasses, some forbs, and some N fixers exhi-
biting significant ITV in both isotopes, some in only one
isotope, and some exhibiting no ITV in either.
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Figure 3. Intraspecific variation in "N among species sampled in multiple habitat types in alpine tundra. Habitats with no data points
indicate that species was not present in that habitat type. The longer horizontal line represents the mean value for each habitat type
and shorter horizontal lines represent one standard deviation. Letters represent significant differences among habitat types based on
Tukey's post hoc comparisons. Species codes: (a) Artemisia scopulorum (Artsco); (b) Bistorta bistortoides (Bisbis); (c) Caltha leptosepala
(Callep); (d) Carex rupestris (Carrup); (e) Carex scopulorum (Carsco); (f) Deschampsia caespitosa (Desces); (g) Erigeron simplex (Erisim); (h)
Festuca brachyphylla (Fesbra); (i) Geum rossii (Geuros); (j) Kobresia myosuroides (Kobmyo); (k) Lloydia serotina (Lloser); (I) Luzula spicata
(Luzspi); (m) Mertensia lanceolate (Merlan); (n) Minuartia obtusiloba (Minobt); (o) Oreoxis alpina (Orealp); (p) Ranunculus adoneus
(Ranado); (q) Silene acaulis (Silaca); (r) Tetraneuris acaulis (Tetaca); (s) Trifolium dasyphyllum (Tridas); (t) Trifolium parryi (Tripar).

Phylogenetic signal

Across all alpine tundra habitat types, we found evidence
for a weak phylogenetic signal in §"°C (Pagel’s A = 0.29;
Figure 4, Table 1) where phylogenetic signal was signifi-
cantly greater than 0 (p < .01), but the phylogeny exerts
a weaker effect on the trait evolutionary process than
expected from a Brownian motion model. For §"°N we
found no evidence of a phylogenetic signal (Pagel’s A <
0.01; Figure 4, Table 1) and it did not significantly differ
from 0 (p = 1). Within habitats we found evidence for
stronger trait conservatism in §"°C only in moist meadow

(Pagel’s A = 0.86, p < .01; Table 1) and wet meadow (Pagel’s
A = 1.0, p < .01; Table 1) and no significant phylogenetic
signal in 8"°N in any habitat type (Table 1).

Discussion

Though many studies have generally assumed strong
role of environmental variation in influencing patterns
of plant 8'3C and 8N, we found a much more nuanced
picture. When we examined isotope patterns across all
tundra habitats, we found isotopic signatures that largely
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Figure 4. Phylogenetic patterns of variation in (a) 6"3C and (b) §'°N among plant species in alpine tundra across all alpine tundra
habitat types. We found a weak phylogenetic signal in §'C (Pagel’s A = 0.29) where phylogenetic signal was significantly greater than

0 (p = .004).

mirror the patterns expected given the known environ-
mental heterogeneity in this system (i.e., greater moist-
ure and nitrogen limitation in fellfield and dry meadow).
However, some species exhibited ITV in isotope values
that matched environmental gradients and some species
did not. Moreover, we found evidence for phylogenetic
conservatism in only a few habitat types but only for
8"°C, suggesting that phylogenetic history has a modest
influence on isotope values. Together, these results sug-
gest that while species sorting is occurring generally at
the habitat scale (i.e., more water use—efficient species
are generally in more water-limited habitats), individual
species may have evolved a variety of strategies for cop-
ing with the strong environmental gradients in alpine
tundra. Importantly, these species-specific patterns may
be indicative of a species’ potential to cope with chan-
ging environmental conditions (i.e., Botero et al. 2015)
where some species are able to plastically respond to
changing environmental conditions and some species
are not (Lauteri et al. 2004; Nicotra et al. 2010).

Habitat variation

We found that when examining the overall patterns among
species (ignoring ITV), isotope values generally varied

among habitats in a manner mirroring well-established
differences among habitats in water and nitrogen availabil-
ity (e.g., Bowman and Fisk 2001; M. D. Walker et al. 2001;
Bowman, Bahnj, and Damm 2003; Seastedt et al. 2004;
Litaor, Williams, and Seastedt 2008). We found the highest
average 8"°C in dry meadow and the lowest in 8"°C wet
meadow, which, as their names indicate, differ significantly
in soil moisture. Although we lack on-the-ground measure-
ments of soil moisture, we can see predictable changes in
8'3C in the tundra, with the driest habitats (dry meadow
and fellfield) having the species with the highest iWUE,
moist meadow having species with intermediate iWUE,
and the wettest habitats (wet meadow and snowbank) hav-
ing the species with the lowest iWUE. Similarly, we found
the highest average 6'°N in wet meadow and the lowest
average 8"°N in the fellfield. Patterns of nitrogen limitation
in the alpine largely mirror pattern of water limitation, with
the lower nitrogen availability in dry meadow and fellfield
and higher nitrogen availability in moist meadow, wet
meadow, and snowbank habitats (Bowman, Bahnj, and
Damm 2003). Similarly, Y. Yang, Siegwolf, and Korner
(2015) found variation in both 8°C and §"°N along an
elevation gradient in the Swiss alpine, further suggesting
that environmental variation influences foliar isotopes in
alpine plant species. Though our results unsurprisingly
suggest that environmental variation influences variation



in foliar stable isotopes among habitat types, pattern of ITV
within individual species and patterns of phylogenetic sig-
nal suggest that more nuance is needed when considering
isotope patterns.

Intraspecific trait variation

In addition to predictable variation among habitats, we
found significant ITV in either §"°C or §"°N for most
(seventeen out of twenty) of the species that occurred
across multiple habitat types. Twelve of these twenty
species exhibited ITV in §"°C (Figure 2), suggesting that
some species are able to modify their iWUE to cope with
variation in water availability through either phenotypic
plasticity or local adaptation (Cleland et al. 2007; Albert
et al. 2011; Botero et al. 2015). Interestingly, eight species
did not respond to the habitat-scale variation in water
availability, suggesting that these species may be under
stronger genetic control (Albert et al. 2011) or may have
a less flexible bet hedging strategy for coping with differ-
ent environmental variation (Botero et al. 2015).
Similarly, twelve of twenty species exhibited ITV in
8"°N (Figure 3; though not the same twelve species as
8"°C), again suggesting that some species are able modify
their phenotype to cope with variation in nitrogen avail-
ability and others are not. In total, sevven species exhib-
ited significant ITV in both §"°C and §"°N among habitat
types. Overall, these results suggest that some alpine plant
species are highly variable and are able to adjust their
phenotype to a wide range of variability in both water and
nitrogen. These species are likely the least threatened by
changing environmental conditions in the alpine
(H. F. Diaz, Grosjean, and Graumlich 2003) and likely
have the greatest capacity to adapt to changing environ-
ments (Botero et al. 2015) if this variation is associated
with phenotypic plasticity. Of the seven species we found
to have ITV in both isotopes, four (Artemisia scopulorum,
Caltha leptosepala, Lloydia serotine, Luzula spicata) were
found to be increasing in abundance over a twenty-one-
year period in long-term monitoring plots (Spasojevic
et al. 2013), two species remained stable (Bistorta bistor-
toides, Ranunculus adoneus), and only one was declining
in abundance (Geum rossii). Interestingly, some of these
species  (Artemisia  scopulorum, Luzula  spicata,
Ranunculus adoneus) show matching responses across
habitats for both isotopes (highest and lowest values in
similar habitats), and the other four species show no
discernable pattern among isotopes. Future research
examining ITV across a wider range of species or systems
with less species turnover among habitats may help
resolve the drivers of ITV in isotopes.
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Interestingly, several of our species are able to adjust
their phenotype to a wide range of conditions for one
resource (i.e., nitrogen) but are unable to adjust their
phenotype for another (i.e., water), suggesting that
a species’ ability to track changing environmental con-
dition will depend on which resource is changing the
most rapidly. At our study site, atmospheric nitrogen
deposition had reached critical levels (Bowman et al.
2006) and resulted in changes in some alpine plant
communities (Simkin et al. 2016; Bowman et al. 2018).
At the same time, Niwot Ridge is experiencing extended
summers (prolonged midsummer drought; Niwot Ridge
LTER unpublished data)which is reducing soil moisture
during the growing season. Interestingly, we found that
four of the five species that exhibit ITV in only §"°C are
increasing in abundance over time in our long-term
monitoring plots (Spasojevic et al. 2013), whereas only
two of five species that exhibit ITV in only §'°N are
increasing over time in those same plots. These patterns
suggest that species that exhibit ITV in iWUE may be
less at risk to environmental change than species that
exhibit ITV in their nitrogen acquisition strategy.
Importantly, these two global change drivers interact
(water availability influences nitrogen availability;
Bowman et al. 1993; Bowman, Bahnj, and Damm
2003), making predictions of species changes much
more complex.

Three (out of twenty) species in our data set—the
sedge Carex rupestris, the forb Oreoxis alpine, and the
N-fixing forb Trifolium parryi—exhibited no ITV in
either isotope, suggesting that isotopic variation may
be less plastic for these three species. Similarly,
Y. Yang, Siegwolf, and Korner (2015) found that iso-
tope values for several congeners to our study species
in the Swiss Alps were also insensitive to obvious
environmental control, further suggesting that some
species may have limited capacity to adjust their phe-
notypes in response to changing environmental condi-
tions. Though these species likely have the least ability
to cope with rapid environmental change through plas-
tic changes (Botero et al. 2015), we do not see large
changes in their abundance through time in our mon-
itoring plots—only T. parryi is decreasing significantly
through time and only in snowbank communities—
suggesting that they may cope with environmental
change with other strategies such as bet hedging
(Botero et al. 2015) or simply being stress tolerant
(Damschen et al. 2012).

Taken together, our results suggest that species have
a broad range of mechanisms for coping with environ-
mental variation, and patterns of ITV for C and
N isotopes can help elucidate some of them. It is impor-
tant to note that though previous studies have noted that
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phenotypic plasticity occurs in several congeners of our
study species, we lack any data on population genetic
structure of these species to know whether local adapta-
tion or phenotypic plasticity is the mechanism under-
lying ITV in 8"C or 8"N. Future research linking
population genetics and isotopes can help clarify the
capacity for species to cope with changing environmen-
tal condition in the alpine tundra.

Phylogenetic signal

Unlike Goud and Sparks (2018), who found a strong phy-
logenetic signal in §"°C and §"N, we found a weaker
(though significant) phylogenetic signal than expected
under a Brownian motion model of trait evolution when
looking across all alpine tundra habitat types. We only
found a strong phylogenetic signal when we focused in on
particular habitat types and only for §"°C. This difference
between our results and the results of Goud and Sparks
(2018) may be related to the scale of our studies; Goud and
Sparks (2018) focused on a single plant family (the
Ericaceae), whereas we examined fifty-nine species across
twenty families including both monocots and dicots.
Though we lack the resolution to examine phylogenetic
signal within families (we typically only have a few species
within a given family), we do see that both the Salicaceae
(willows) and Cyperaceae (sedges) all have species with
similar values of 8'>C. Interestingly, in the Cyperaceae we
found both the highest and lowest species values for §'°N in
this family. Nitrogen is a limiting resource in the tundra,
and evidence suggests that some species coexist by parti-
tioning different forms of nitrogen (Miller and Bowman
2003; Miller, Bowman, and Suding 2007; Ashton et al.
2008). Though this has not been explored experimentally
within the genus Carex for these species, this pattern sug-
gests that these sedges are potentially using different sources
of nitrogen. Though some sedge species are spatially segre-
gated (i.e., Carex rupestris and Carex scopulorum are largely
found in different habitats), in our data set we sampled six
species of sedge that co-occur in dry meadow and five
species of sedge that co-occur in moist meadow, suggesting
that nitrogen partitioning may be a way in which these
closely related species co-occur (Silvertown 2004).

Though we only found a modest signal of phylogenetic
conservatism in §"°C when looking across all of our alpine
tundra habitat types, we did find a stronger phylogenetic
signal in §"°C within moist and wet meadow tundra habi-
tats, suggesting that §"°C values were significantly more
similar among closely related species than expected by
chance. We found no significant signal for the other habitat
types. This pattern suggests that plant species in these
wetter habitats are converging on similar functional strate-
gies within a given family and that different strategies may

have evolved among different families. Despite the long
history of stable isotope studies, few studies have examined
phylogenetic signal, and our results coupled with the results
of Goud and Sparks (2018) suggest that more studies are
needed across a larger portion of the plant phylogenetic tree
to truly understand the degree of phylogenetic conserva-
tism in plant stable isotopes. Importantly, we also acknowl-
edge that our synthesis-based phylogeny limits our ability
to delve deeper into the phylogenetic relationships we
observe, and we encourage future researchers to sequence
more alpine plant species.

Conclusions

Our results suggest that the significant inter- and intraspe-
cific variations in C and N isotopes in alpine tundra plants
mostly reflects known environmental gradients. However,
though we found that significant variation among habitats
mirroring predicted resource limitation, these patterns did
not hold for all species and some species did not vary
among habitat types. These patterns coupled with modest
evidence for phylogenetic conservatism in §'°C suggest that
considering local environmental variation, ITV, and shared
ancestry can help with interpreting isotope patterns in
nature and with predicting which species may be able to
respond to rapidly changing environmental conditions.
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Appendix

Significance (F values, degrees of freedom, and p values) for all
comparisons in Figure 2 for intraspecific variation in §"°C: (A)
Artemisia scopulorum (Fy4; = 526, p < .01); (B) Bistorta
bistortoides (F34; = 529, p < .01); (C) Caltha leptosepala
(Fap7 = 1013, p < .01); (D) Carex rupestris (Fp,6 = 2.57,
p = .09); (E) Carex scopulorum (F,3, = 7.10, p < .01); (F)
Deschampsia caespitosa (F343 = 2.37, p = .08); (G) Erigeron
simplex (F,,3 = 0.75, p = .48); (H) Festuca brachyphylla (F 5
= 14.71, p < .01); (I) Geum rossii (F440 = 6.39, p < .01); (J)
Kobresia myosuroides (Fy13 = 3.66, p = .07); (K) Lloydia
serotina (Fp,, = 10.75, p < .01); (L) Luzula spicata (F;0
= 538, p = .04); (M) Mertensia lanceolate (F,p; = 1.94,
p = .17); (N) Minuartia obtusiloba (F;3s = 10.19, p < .01);
(O) Oreoxis alpina (Fy 5 = 1.35, p = .26); (P) Ranunculus
adoneus (Fy 13 = 7.76, p = .01); (Q) Silene acaulis (Fy g
= 12.39, p < .01); (R) Tetraneuris acaulis (Fy3 = 0.26,
p = .63); (S) Trifolium dasyphyllum (F,,;, = 5.72, p = .03);
(T) Trifolium parryi (F,,9 = 1.14, p = .33);for all comparisons
in Figure 3 for intraspecific variation in 8N (A) Artemisia
scopulorum (Fy4; = 4.19, p < .01); (B) Bistorta bistortoides
(F341 = 4.01, p = .01); (C) Caltha leptosepala (F,,; = 1.86,
p < .01); (D) Carex rupestris (F5,6 = 1.48, p = .25); (E) Carex
scopulorum (F, 35 = 1.09, p = .35); (F) Deschampsia caespitosa
(F3435 = 4.78, p < .01); (G) Erigeron simplex (F,,; = 7.19,
p < .01); (H) Festuca brachyphylla (F,,6 = 1.34, p = .26); (I)
Geum rossii (Fy49 = 7.59, p < .01); (J) Kobresia myosuroides
(F1,15 = 16.18, p < .01); (K) Lloydia serotina (F,,, = 10.28,
p < .01); (L) Luzula spicata (Fy;o = 14.15, p < .01); (M)
Mertensia lanceolate (F,,; = 15.44, p < .01); (N) Minuartia
obtusiloba (F336 = 1.09, p = .36); (O) Oreoxis alpina (Fy g
= 1.00, p = .33); (P) Ranunculus adoneus (F;;3 = 28.88,
p < .01); (Q) Silene acaulis (Fy;5 = 0.00, p = .97); (R)
Tetraneuris acaulis (Fy3 = 13.92, p < .01); (S) Trifolium
dasyphyllum (F, 1, = 1.42, p = .25); (T) Trifolium parryi
(Fa00 = 0.08, p = .92).
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