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Photosynthetic microbial communities are important to the functioning of early successional ecosystems,
but we know very little about the factors that limit the growth of these communities, especially in
remote glacial and periglacial environments. The goal of the present study was to gain insight into the
degree to which nutrients limit the growth of photosynthetic microbes in sediments from the surface of
the Toklat Glacier in central Alaska. Previous studies and historical observations indicated that this
environment is dominated by unique soil algae, and that succession from a microbial to a plantdominated system is very slow. We used a soil microcosm approach to determine if nitrogen (N) and/
or phosphorus (P) additions would affect the development and ﬁnal biomass of microbial phototroph
communities in this system. We found that fertilization with P signiﬁcantly increased the exponential
growth rate (r), but P alone did not affect the ﬁnal percent soil cover (K) by microbial phototrophs.
Nitrogen alone had no effect on either r or K, but the combination of P and N dramatically increased K,
thus showing that algal growth rate in this system is likely P-limited, but total productivity may be colimited by P and N. In addition, nutrient treatments differentially stimulated microbial groups resulting
in signiﬁcantly different microbial communities among treatments. Overall, these results give a preliminary indication of the factors that might limit the development and productivity of photosynthetic
microbial communities in an extreme and remote glacial system.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Very few studies have examined nutrient limitation of photosynthetic community development in plant-free periglacial and
glacial environments (Schmidt et al., 2012). The development of
photosynthetic microbial communities is a critical early step in
primary succession, contributing to soil formation that in turn is
necessary for the establishment of macroscopic plant communities
(Belnap and Lange, 2001, Nemergut et al., 2007). Schmidt et al.
(2012) observed that in the glacial forelands of the Puca glacier in
Perú, the development of photosynthetic crust communities was
limited by phosphorus availability. However, this limitation may or
may not be exclusive to that site or to the Peruvian Andes. Other
environments in the cryosphere may impose different limitations
on the development of microbial phototroph communities,
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especially since cold desert environments differ in important
biogeochemical factors (Schmidt et al., 2011a).
One type of cold desert environment that has received very little
study are debris-covered glaciers, which are very common and
extensive in terms of geographic coverage, especially in active
geological areas such as the Himalayas and Alaska Range (Nakawo
et al., 2000; Scherler et al., 2011). This environment is characterized
by a thin layer of mineral debris on top of glacial ice, which is
deposited allocthonously from the glacier's surroundings. One such
glacier is the Middle Fork Toklat Glacier in the Alaskan interior
(Alaska Range) which is covered with oligotrophic mineral soils, is
not colonized by plants (Schmidt and Darcy, 2014), and is located in
Denali National Park and Preserve, which has very low rates of
nitrogen deposition (Fenn et al., 2003). Before the present study, no
work had been done on microbial phototrophs and nutrient limitation in the extreme environment atop debris-covered glaciers.
However, nutrient limitation has been observed in heterotrophic
microbial communities in several early-succession cold desert biomes. P limitation was observed for heterotrophic microbes of
periglacial soils in the Colorado Rocky Mountains (King et al., 2008)
and Peruvian Andes (Schmidt et al., 2011b), while N limitation
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(after C limitation was alleviated) was observed in the Swiss Alps
€ransson et al., 2011). However, nutrient limitations of hetero(Go
trophic communities may not translate to their co-occurring phototroph communities since microbial phototrophs may have access
to different pools of P than their heterotrophic counterparts
(Cleveland and Liptzin, 2007).
Although there has been much previous work on nutrient limitation and microbiology of cold-desert environments (King et al.,
€ransson et al., 2011; Schmidt et al., 2011b, 2012;
2008; Go
Knelman et al., 2014), most of it has focused on recently deglaciated landscapes. However, except for the current study, work on
supraglacial nutrient limitation has been limited to cryoconite
holes (Stibal et al., 2009), which are substantially different from the
soil-like surface of the Toklat Glacier. Cryoconite holes form when
small amounts of debris are warmed by solar radiation and melt
into the ice forming enclosed micro-communities. Although this
process may happen in places atop the Toklat glacier, the supraglacial debris layer is over 20 cm thick, enough so that the ice
beneath the debris cannot be seen. Microbiological studies of
supraglacial debris are rare, with only two studies focusing on
bacteria atop debris-covered glaciers (Darcy et al., 2011; Franzetti
et al., 2013). Unsurprisingly, culture-independent studies of
microscopic eukaryotes in supraglacial debris are even rarer yet,
with the only currently published work being our previous study of
unique algal clades on the Toklat Glacier (Schmidt and Darcy, 2014).
Here, we use a microcosm experiment, biogeochemical analysis,
and culture-independent molecular methods to better understand
the extreme supraglacial environment, and the role nutrient limitation may play in limiting microbial growth on top of a debriscovered glacier. To measure nutrient limitation, we employed and
improved upon recently developed microcosm-based experimental
protocols for comparing the degree to which common limiting
nutrients (N and P) inﬂuence the growth of diminutive photosynthetic communities (Schmidt et al., 2012). We have taken this
approach a step farther by phylogenetically characterizing the microbial communities from these microcosms to better understand
selection processes that occur under different nutrient limitation
conditions, and how they relate to organisms that may be found in
situ. Together, our results form a detailed glimpse of phototrophic
life in this harsh environment, and provide new insights into how
different cryospheric bacteria and microbial eukaryotes may be
affected by nutrient limitation.
2. Methods
2.1. Nutrient addition experiment
Microcosm plates were created using homogenized soil samples
collected from atop the Toklat Glacier by Darcy et al. (2011). Homogenization was used to ensure that starting communities were
similar among microcosms, and also representative of the organisms found in situ. A total of 20 microcosms were made, each
consisting of 13 g of soil added to a 55 mm diameter Petri dish
(Fisher Scientiﬁc 8-757-13A), sealed with Paraﬁlm (Pechiney Plastic
Packaging, Menasha WI, USA). Treatments consisted of a control
(no nutrient addition), þN, þP, and þNþP. For each treatment,
75 mg of N (as NH4NO3), P (as KHPO4), or both were added (in
aqueous solution) per gram of soil. All soils were initially amended
to 70% of water holding capacity as described elsewhere (Schmidt
et al., 2011b, 2012). Water holding capacity averaged 29% of dry
weight across microcosms, therefore aqueous concentration was
approximately 370 mg of N and/or P per ml of water. Preliminary
experiments indicated that these concentrations were high enough
to overcome nutrient limitations in calcareous, early successional
soils (Schmidt et al., 2011b, 2012). Microcosms were incubated at
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21  C under 16 h of light per 24 h, conditions that approximately
mimic the relatively mild summer conditions at the toe of the
Toklat Glacier (unpublished data). The arrangement of the plates
was randomized every three days to account for any variation in
light and temperature. Microcosms were surveyed twice weekly for
coverage of microbial phototrophs using the ﬁeld of view (FOV)
method described by Schmidt et al. (2012), for a total of 15 time
points over 51 days. When FOV measurements began to saturate
(plateau), a variation of the point-intercept method was used
instead, where a reticule was placed on the microscope's objective.
Instead of counting a 'hit' when a photosynthetic colony was within
the ﬁeld of view, a 'hit' was counted when the cross-hairs (a single
point) of the reticule intersected any photosynthetic organism or
structure. This method was much more time consuming, but
allowed for more accurate estimates of percent cover. Both types of
measurement (FOV and point-intercept) were used in conjunction
for several measurement periods before the FOV measurements
began to reach saturation at day 34.
2.2. In-silico methodological validation
To correlate the two methods, an in-silico microcosm experiment was run (R code available upon request), which used both the
FOV and point-intercept methods on randomly generated microcosm plates. To ensure a broad distribution of covers across
generated microcosm plates, plates were generated with preset
naïve covers ranging from 0 to 80% cover, calculated by the total
area of all colonies divided by the total area of the plate. This naïve
cover is inaccurate by design because of overlap between colonies,
however it was only used to ensure a wide range of actual in silico
covers (as estimated by percent cover) for correlative purposes. We
also conﬁrmed that the in-silico point-intercept method is highly
accurate, by using Adobe Photoshop's (Adobe Inc., San Jose CA, USA)
magic wand tool to calculate the ratio of green pixels to white pixels
on graphical representations of the in-silico microcosms
(Supplemental Fig. 1, ﬁrst panel). The trend between FOV and pointintercept data observed in the in-silico experiment was best
modeled using a general 1-parameter exponential decay model
(Equation (1)) (Supplemental Fig. 1, second panel), which was ﬁt to
the observed data using the Gauss-Newton algorithm in R 3.0.2 (R
Core Team, 2013) (Supplemental Fig. 1, third panel). This model was
then used to convert real FOV data from before day 34 of the
microcosm experiment to percent cover estimates.
Equation (1): Exponential decay.

f ðxÞ ¼ 1  eАx

(1)

2.3. Growth curve modeling and statistical analysis
Time series of percent cover data for each of the 20 microcosms
were modeled using the general logistic growth function (Equation
(2)) in R using the Gauss-Newton algorithm. The logistic growth
function we used has been described elsewhere (e.g. Schmidt et al.,
2011b) and models growth as a function of time (t, days), with three
parameters: The upper asymptote (K, ﬁnal percent cover), the
exponential growth rate (r, days1), and the position of the inﬂection point (i, days). The point on the logistic curve where t ¼ i has
the steepest instantaneous growth rate (i.e. % cover gained per day).
In this version of the logistic equation, the lower asymptote is ﬁxed
at zero. Fit parameter values for each nonlinear model were used in
three 2-way ANOVAs with interaction to test for the effects of N and
P addition on growth response, using Boolean independent variables for N and P.
Equation (2): Logistic growth.
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.
f ðtÞ ¼ K 1 þ erðtiÞ

(2)

2.4. Microcosm biogeochemical analysis
Microcosms were destructively sampled after the microcosm
experiment to determine residual concentrations of nitrate, nitrite
and ammonia. Five grams of soil from each sample were combined
with 25 ml 0.5 M K2SO4 and shaken at 150 rpm for 1 h, then
centrifuged for 1 h at 4000 rpm. This same procedure was carried
out on a “blank” sample containing no soil. Dissolved nitrateþnitrite concentrations for each sample (including the blank)
were analyzed using a Lachat QuickChem 8500 (Hach Ltd, Loveland
CO, USA) and dissolved ammonia was analyzed colorimetrically
using a BioTek Synergy 2 microplate reader (BioTek, Winooski VT,
USA). Nitrogen (N) concentrations were back-calculated stoichiometrically and corrected for background N levels using the blank
sample data. Corrected values were tested for a difference among
treatments using Tukey's HSD test.

sample. The bacterial data set was rareﬁed to 19000 sequences per
sample, and the eukaryal data set was rareﬁed to 5000 sequences
per sample. Weighted UniFrac (Lozupone and Knight, 2005) was
used to compute beta-diversity matrices for both data sets, which
were tested for the inﬂuence of N and P using ADONIS from the R
package vegan (Oksanen et al., 2013) with Boolean independent
variables for N and P. Principal coordinate analysis was used to
visualize these data. Alpha rarefaction was performed in QIIME
using the rareﬁed eukaryal data set with both the species observed
and Faith's (1992) phylodiversity metrics. Phylogenetic trees were
constructed for each data set, since UniFrac and Faith's (1992)
phylodiversity are both phylogenetic metrics, and require trees as
input. Bacterial and eukaryal representative sequence sets were
each aligned to reference using the SINA aligner (Preusse et al.,
2012), with the SILVA Ref NR 99 database version 119 as reference (available at http://www.arb-silva.de/download/arb-ﬁles/).
FastTree (Price et al., 2010) was then used to build phylogenetic
trees from the SINA alignments, using default settings.

3. Results
2.5. High-throughput 16S and 18S rDNA sequencing
3.1. Microcosm growth experiment
After the microcosm experiment, genomic DNA was extracted
from 3 replicate microcosms of each treatment (12 total) using the
MoBio PowerSoil kit (Carlsbad, CA, USA). Each extraction was
ampliﬁed in triplicate using the bacterial primer set 515F/806R
(Caporaso et al., 2012) and the eukaryal primer set 1391f/EukBr
(Amaral-Zettler et al., 2009). Each primer oligo included an Illumina
ﬂowcell adapter, and different GoLay barcodes were used for each
of the 12 samples and 2 genes (16S and 18S), for a total of 24
barcodes. Both primer sets are from the Earth Microbiome Project
standard protocols (accessible at http://press.igsb.anl.gov/
earthmicrobiome/emp-standard-protocols). Each set of triplicate
reactions was pooled, and amplicon concentrations were assayed
using Pico Green ﬂurometry on a BioTek Synergy 2 microplate
reader (BioTek, Winooski VT, USA). Amplicons were diluted to
equimolar concentration, pooled, and sequenced on the Illumina
MiSeq platform (Illumina, Inc.) using paired-end 2  150bp
chemistry. A 30% phiX spike was added to the run to compensate
for the otherwise limited amplicon variability (Caporaso et al.,
2012).

The
crobial
limited
limited

microcosm experiment revealed that growth rate of miphototrophs in the Toklat Glacier's supraglacial soils is
by P, but that the ﬁnal % cover in the microcosms was coby P and N (Fig. 1). Until day 34 of the microcosm

2.6. Bacterial and eukaryal community analysis
Raw reads were demultiplexed and quality ﬁltered using QIIME
(Caporaso et al., 2010). For bacterial reads, paired-end sequences
were joined. However, this process did not work for eukaryal reads,
so only the read corresponding to the 1391F primer was used. This
read was selected instead of its pair because a sequence closer to
the center of the 18S gene overlaps more with the majority of sequences in the NCBI and SILVA databases, allowing for better
taxonomic assignment. Both the bacterial and eukaryal data sets
were separately clustered at 97% sequence similarity using UCLUST
(Edgar, 2010), and taxonomy was assigned using QIIME's parallel_assign_taxonomy_blast.py script and the SILVA Ref NR 99 database's taxonomic information. When this method was not
sufﬁcient for classiﬁcation of an abundant OTU (>2% community
composition) to the genus level because it returned “unclassiﬁed”,
BLAST (Altschul et al., 1990) was used with the NCBI Nucleotide
database to ﬁnd a close match, cultured or otherwise. Using this
taxonomic information, all mitochondrial and chloroplast OTUs
were removed from the bacterial data set, and all bacterial OTUs
were removed from the eukaryal data set. Both data sets were then
rareﬁed to the number of sequences equal to their least populous

Fig. 1. Growth curves for Toklat Glacier microcosms. Each point is the mean of ﬁve
replicate microcosms (error bars are standard error of the mean). Both the þNþP
(green split rectangles) and the þP (orange triangles) treatments exhibited rapidly
accelerating increases in percent cover. However, the þP treatment was quickly limited
by a lack of N, as it plateaued at roughly 30 days. Both the control (blue circles) and
the þN treatment (red squares) had a much slower acceleration of growth than the
treatments that included P, and also had a much lower ﬁnal percent coverage. The þN
treatment had the lowest percent coverage, indicating that without added P, N
inhibited growth of microbial phototrophs to some extent, however this pattern is not
robust (Table 1). Data points from before day 34 were obtained via the FOV method
(Schmidt et al., 2012) and were converted to percent cover estimates using our
mathematical model (Supplemental Fig. 1). (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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experiment, þP and þNþP microcosms showed similar growth
patterns, increasing in percent cover more rapidly (higher growth
rate) than control or þN microcosms. However, after day 34, þNþP
microcosms continued to grow, while growth in the þP microcosms plateaued. Thus, microbial phototrophs in þNþP microcosms attained total covers over four times higher than all other
microcosms by the end of the experiment, and the other treatments
and control plateaued with similar ﬁnal percent cover values (K,
Equation (2), Table 1). Therefore, both N and P signiﬁcantly affected
K, however the presence of a signiﬁcant interaction term (PN:P,
Table 1) indicates that the effect of P or N is different when the
other is present (as in the þN þ P treatment). The other parameters
in the logistic equation also responded to the addition of N and P,
however only the ANOVA for K produced a signiﬁcant interaction
term. The logistic inﬂection point, i, responded signiﬁcantly to both
N and P. However, the exponential growth rate, r, was higher in
treatments containing P (þP, þNþP) but was not signiﬁcantly
affected by N (Table 1).
3.2. Residual nitrogen biogeochemistry
Commensurate with þN microcosms exhibiting the slowest
growth, these microcosms also contained the highest residual N
levels (Fig. 3). þN microcosms contained concentrations of nitrateþnitrite roughly ten times higher than other treatments, but no
signiﬁcant differences were observed between other treatments
(PþN/Control ¼ 0.027, PþN/þP ¼ 0.025, PþN/þNþP ¼ 0.026, Tukey's HSD).
The mean ammonia concentration was also highest in the þN
treatment (Fig. 2). However, no statistically signiﬁcant difference in
ammonia concentration was detected among the treatments.
3.3. Bacterial community analysis
High-throughput sequencing of the microcosms for all three
domains of life revealed that bacterial and eukaryal communities
were signiﬁcantly changed by treatment (Fig. 3). Archaea were not
detected at all, even though the bacterial primer set does amplify
archaeal 16S rDNA. Archaeal sequences were detected in positive
controls run in the same MiSeq lane using the same PCR reagents
and the same thermocycler, indicating that their absence in the
Toklat Glacier microcosm data set may be real (data not shown).
ADONIS analysis of both data sets revealed signiﬁcant effects of
both N and P (for bacteria, PN ¼ 0.001, PP ¼ 0.002; for eukaryotes,
PN ¼ 0.001, PP ¼ 0.001). Phylogenetic analysis of the microbial
communities from each microcosm treatment revealed that
photosynthetic bacteria were not highly abundant in any treatment, although photosynthetic eukaryotes dominated every microcosm's 18S rDNA library. Several bacterial OTUs were highly
abundant across different treatments, such as an OTU which was
abundant in the control and þP treatments, and was a close BLAST
match to Thiobacillus denitriﬁcans. Other abundant bacterial OTUs
were related to Lysobacter (þP and þNþP), Kaistobacter (þN), an
uncultured Acidobacterium (þP), Fimbriimonas (þNþP), and an

Fig. 2. Residual inorganic nitrogen concentrations of microcosms. þN microcosms
had very high levels of residual inorganic N at the end of the experiment, presumably
due to an inability to metabolize excess N without sufﬁcient P. However, there was no
excess N detectable in the þNþP treatment, indicating that added P enables N use. Red
dots indicate the mean. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

uncultured Planctomycete (control). The only cyanobacteria within
the top 20 most abundant OTUs were from the control. One was an
uncultured basal cyanobacterium, and the other was a close BLAST
match to Crinalium epipsammum.
3.4. Eukaryal community analysis
Eukaryal OTUs were mainly algal, and Bracteacoccus spp. were
the dominant OTUs in the non-control microcosms (Fig. 4). In the
control microcosms, a moss in the Polytrichaceae was the dominant
OTU, and it was also abundant (but not dominant) in the þN and þP
treatments. Abundant algal OTUs were related to Stichococcus,
Characium, and Pseudendocloniopsis, the latter two of which have
already been shown to inhabit the Toklat Glacier site (Schmidt and
Darcy, 2014). Some heterotrophic eukaryotes were abundant as
well, including the rotifer Philodina and the amoeba Glaeseria.
Richness (number of OTUs) was lower in þNþP microcosms than it
was in microcosms from other treatments, and phylodiversity was
higher in þP microcosms than it was in other treatments (Fig. 5).
4. Discussion
Although we previously identiﬁed some of the organisms that
live on the Toklat glacier, and speculated as to how they form a

Table 1
Logistic growth model comparison. This table shows the parameter estimates of logistic models ﬁt to growth data from each microcosm, averaged by treatment. Numbers in
parenthesis are standard deviations of n replicate microcosms. Only 4 of the 5 þNþP microcosms were used in these calculations because one microcosm did not plateau, so
the logistic model estimated over 100% cover. P-values are shown in the rightmost 3 columns for the 2-way ANOVAs run for each parameter. Independent variables in the three
ANOVAs were Boolean: N (true or false) and P (true or false). The signiﬁcant interaction term for K indicates that asymptotic percent cover responded differently to P addition
when N was added versus when N was not added (or vice-versa).
Parameter

“Control”

“þN”

“þP”

“þNþP”

PP

PN

PN:P

K (% cover)
r (days1)
i (days)
n

16.7 (6.17)
0.22 (0.62)
36.7 (2.50)
5

14.0 (3.15)
0.14 (0.22)
43.2 (3.10)
5

20.1 (5.67)
0.25 (0.06)
28.2 (2.34)
5

88.4 (11.1)
0.25 (0.07)
39.1 (2.80)
4

9.94*109
9.17*103
5.37*105
e

6.10*108
0.129
5.35*106
e

9.21*109
0.126
0.099
e
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Fig. 3. Principle coordinates analysis of bacteria and eukaryotes from the microcosms. Both bacterial and eukaryal communities signiﬁcantly responded to N and P addition,
and communities from the same treatment were more similar to each other than they were to communities from other treatments. In the bacterial plot (right panel), PC1 corresponds to N addition, since the two treatments that cluster on the left do not have added N and the two communities that cluster on the right do have added N. Similarly, PC2
corresponds to P addition, since the two communities on the bottom do not have added P and the two on the top do. The eukaryal community also segregated based on the
treatment, but the interpretation of the principal coordinate axes is not so straightforward. Nevertheless, each treatment resulted in a unique microbial community of eukaryotes.

Fig. 4. Rank-abundance plots of eukaryal OTUs by treatment. In all treatments except the control (blue), Bracteacoccus dominated the eukaryal community. In the control
treatment, a moss, Dawsonia, was the most abundant OTU. Algae closely related to the genus Pseudendocloniopsis have been previously detected in the same supraglacial debris that
were used to make the microcosms discussed here (Schmidt and Darcy, 2014), however they are much less proportionally represented in the microcosm communities than they
were in situ. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 5. Alpha rarefaction for eukaryal communities. Alpha rarefaction using the
OTUs observed metric (also called “species observed”) showed that fewer OTUs were
present in þNþP microcosms (top panel). Faith's (1992) phylodiversity (bottom panel)
is a different alpha-diversity metric, which sums branch lengths of divergent OTUs,
meaning that the calculated value is indicative of how many deeply divergent taxa are
present at a given sampling depth. This metric reveals that P addition increased
phylodiversity relative to the other three treatments. While OTUs observed do not
saturate with increased resampling size, Faith's (1992) phylodiversity does, indicating
that the lack of saturation in the ﬁrst metric is due to incomplete sampling of OTUs
that are phylogenetically similar to those already detected.

simple, low-diversity community (Darcy et al., 2011; Schmidt and
Darcy, 2014), phylogenetic data alone do not lend themselves to
mechanistic explanations of which factors limit phototrophic
growth in this unique environment. To this end, the present study
showed that P limited the growth rate whereas P and N limited the
ﬁnal percent cover in these soils (Fig. 1). Several other studies have
examined nutrient limitations of microbial phototrophs in arctic
and alpine environments, but none so far have studied debriscovered glaciers. Furthermore, there have been only three previous studies of the indigenous microbiota of supraglacial debris
(Darcy et al., 2011; Franzetti et al., 2013; Schmidt and Darcy, 2014).
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However, studies of similar environments indicate that P may limit
growth. For example, analysis of cryoconite on the Svalbard Glacier
indicated that P may be limiting (Stibal et al., 2009) and microcosm
studies similar to those done here showed that P limited both the
growth rate and percent cover of phototrophic communities near
the retreating Puca glacier in the Peruvian Andes (Schmidt et al.,
2012). An in-situ fertilization experiment at the same site showed
that co-addition of N and P accelerated the succession of the microbial community leading to a signiﬁcant increase in phototrophic
microbes (Knelman et al., 2014).
Similar to the abovementioned studies of nutrient limitation in
the cryosphere, our results show P as the principally limiting
nutrient (Fig. 1). P-addition signiﬁcantly accelerated growth rate
(Table 1), which is especially evident between days 20 through 34
of the microcosm experiment (Fig. 1). Had we stopped the microcosm experiment at day 34, we would have observed a clear
pattern of P limitation even for percent cover. However at later time
points, þNþP microcosms outpaced the other treatments by a large
margin. The ﬁnal percent cover estimates (K values, Equation (2))
overlapped to a large extent for all treatments except þNþP
(Table 1), and the ﬁnal cover for þNþP treatments was greater than
the sum of control, þN and þP treatments. This non-additive result
has been previously described as “Synergistic Co-limitation”
(Allgeier et al., 2011). In synergistic co-limitation, the effect of
the þNþP treatment is greater than the effects of þN added to þP,
which is what we observed (Fig. 1, Table 1). This result is similar to
results from many aquatic systems, but differs from most terrestrial
systems, including Arctic systems, where an antagonistic response
is usually observed (Allgeier et al., 2011). But although we observed
N/P co-limitation of ﬁnal percent cover, it is clear that P-limitation
occurred before N limitation, so we characterize the microcosms as
principally P-limited.
The K parameter in our logistic model represents percent cover
values used in other full-factorial N and P addition studies (Elser
et al., 2007; Harpole et al., 2011), but the growth rates we report
(r, equation (2)) have not been measured in many previous studies.
Had we not collected time-series data on this experiment, we
would only have observed the end effect, and concluded that the
system is synergistically co-limited by N and P. However thanks to
the resolution of our time series, we observed that growth rate of
microbial phototrophs is P-limited. Furthermore, from the inﬂection point parameter (i, equation (2)) we observed that þN microcosms took the longest to reach their peak instantaneous
growth rate (i.e. change in % cover gained per day), but þP microcosms reached their peak instantaneous growth rate the fastest,
over two weeks earlier than þN microcosms. The slow growth
of þN microcosms is commensurate with the inorganic nitrogen
data we collected, which clearly show that added N was not fully
utilized unless P was also added (Fig. 2). The þNþP microcosms
received the same amount of ammonium nitrate as the þN microcosms, but presumably due to a lack of P, the þN microcosms
were not able to use the added N. Although they did not measure
inorganic N concentration after their microcosm experiment,
Schmidt et al. (2012) observed that N addition alone resulted in
microcosms that grew less than the control, and at a slower growth
rate than microcosms with added P.
Unlike the patterns of percent cover and residual inorganic N
where a single treatment was highly different than the rest, the
microbial communities of all four microcosm treatments were
distinct from each other, and all were signiﬁcantly affected by both
N and P (Fig. 3). This result suggests that the mechanism by which
nutrient addition affected growth (Fig. 1) was not simply an effect
that caused more of the same organisms to grow, but rather that
the treatments selected for the growth of different organisms
(Fig. 3). Even when total growth (in terms of percent cover) was not
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dramatically affected, as was the case between the control, þN,
and þP microcosm treatments, different microbial communities
developed indicating strongly deterministic selection (Nemergut
et al., 2013) by each nutrient regime. In addition, the bacterial
communities of the microcosms were very diverse, with no OTU
composing more than 4% of the 16S amplicon libraries from control
microcosms, and no OTU composing more than 9% of any other
microcosm. Among the most common bacteria that grew in the
microcosms without added N were Thiobacillus, which have been
detected before in other periglacial environments, such as beneath
the Bench glacier (Skidmore et al., 2005), which is also in Alaska
although it is roughly 342 km from the Toklat glacier. In treatments
containing added P (þP and þNþP), an OTU assigned to the genus
Lysobacter was highly abundant, which may be a denizen of the
rhizosphere (Hayward et al., 2010). However, for such an inconspicuous genus it is difﬁcult to generalize traits based on a ~250 bp
16S rDNA sequence. Even the ecological role of one cyanobacterial
OTU (ML635J-21) detected within the microcosms is not easily
understood. ML635J-21 was only detected in the control microcosms, where it was the most abundant OTU in one microcosm, and
is the most basal clade in the Cyanobacteria, has no cultured representatives, and may not even be phototrophic since many phylotypes come from aphotic environments (Soo et al., 2014). The only
other cyanobacterium we detected was a close match to Crinalium.
This cyanobacterium is deﬁnitely phototrophic, and the genus
Crinalium has been detected in Antarctic glacial cryoconite (Broady
and Kibblewhite, 1991; Mueller and Pollard, 2004; Porazinska et al.,
2004).
Unlike the bacteria, the eukaryotes we sequenced were almost
entirely phototrophic (Fig. 4). In every microcosm except the controls, an OTU from the algal genus Bracteacoccus dominated. Bracteacoccus have been isolated from cryoconite holes, but also from
supraglacial debris (Stibal et al., 2006). These algae were also
 et al. (2005) in barren glacial soils, but not in
observed by Kastovska
vegetated soils nearby. Commensurate with our observations,
Shukla et al. (2011) found that out of 6 algal isolates from recently
deglaciated soil, only Bracteacoccus responded well to excess N.
However, this N copiotrophy does not explain why Bracteacoccus
still dominate the 18S libraries for þP microcosms, where no N was
added. These algae were not the dominant OTU in the control microcosms, and we found a bryophyte OTU to be most abundant
instead. The two different classiﬁcation methods we used disagreed
on the genus of this OTU, returning closely related genera Dawsonia
(SINA) or Notoligotrichum (BLAST) both of which are in the family
Polytrichaceae (Bell and Hyvonen, 2012). Whatever the exact
identity of this moss OTU, it was clearly selected against by any
nutrient addition. Similarly, Schmidt et al. (2012) found that mosses
were inhibited by all nutrient addition treatments and they speculated that these mosses could be adapted to oligotrophic conditions, and our observations support this hypothesis because of the
dominance of putatively copiotrophic Bracteacoccus algae in
nutrient addition microcosms.
Our phylogenetic comparisons also show that the excess growth
of phototrophs in the þNþP treatment was likely due to the growth
of a few dominant organisms, because the total number of OTUs
detected was reduced by this treatment (Fig. 5, top panel). Similar
to the pattern observed with ﬁnal percent cover estimates,
control, þN, and þP microcosms overlap in the number of OTUs
observed during alpha rarefaction, while the þNþP microcosms
had lower richness. However, when a metric such as Faith's Phylodiversity (Faith, 1992) is used instead of the number of observed
OTUs, a different pattern emerges in which þP microcosms contain
signiﬁcantly more phylodiversity than the other three treatments
(Fig. 5, bottom panel). Faith's phylodiversity is an alpha diversity
metric that uses phylogenetic distance instead of OTU counts, so

that closely related OTUs (which have low phylogenetic distance)
are less important to the output than distantly related OTUs. This
means that the þP microcosms contain more distantly related
eukaryal OTUs than other microcosms, indicating that P allowed
the growth of a broader diversity of organisms than did the other
treatments.
Taken together, the results of our molecular, physiological, and
biogeochemical studies form a preliminary picture of how low
nutrient levels might limit life atop the Middle Fork Toklat Glacier,
and perhaps other debris-covered glaciers. Our microcosm results
suggest that the growth rate of microbial phototrophs on the Toklat
Glacier is P-limited, but total growth (ﬁnal percent cover) may be
co-limited by N and P. Our results also suggest that N and P
differentially stimulate members of the indigenous microbiome
resulting in the formation of different microbial communities in
response to each treatment. Future work will be focused on understanding the growth strategies of these individual taxa to better
understand how they may respond to future inputs of nutrients
either due to continued successional processes or anthropogenic
inputs of nutrients.
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