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Abstract Nitrogen (N) fixation is a fundamental
mechanism by which N enters streams. Yet, because
of modern N saturation, it is difficult to study the
importance of N-fixation to stream nutrient budg-
ets. Here, we utilized relatively simple and pristine
McMurdo Dry Valley streams to investigate the role
of N-fixing Nostoc abundance, streamwater dissolved
inorganic N (DIN) concentration, and distance from
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the source glacier in regulating the elemental and iso-
topic composition of three microbial mat types (black,
orange, and green) at the landscape scale. We found
Nostoc-based black mats were the most enriched
in 8PN, and 8N signatures of mats increased
where Nostoc was abundant, but did not surpass the
atmospheric standard (8'"°N ~ 0%o). Furthermore,
green and orange mat 3'°N signatures became more
depleted with increasing DIN, indicating that mats
utilize glacial meltwater-sourced N when available.
The distance from the source glacier explained lim-
ited variability in mat 8'°N across sites, indicating
the influence of individual stream characteristics on
N spiraling. To further explore longitudinal N spiral-
ing processes generating observed 8'°N patterns, we
developed a simple steady-state mathematical model.
Analysis of plausible scenarios with this model con-
firmed that streams both have the capacity to remove
allochthonous DIN over the plausible range of inputs,
and that internal N sources are required to account
for 8'°N signatures and observed DIN concentra-
tions at stream outlets. Collectively, these data and
modeling results demonstrate that N-fixation exerts
substantial influence within and across these streams,
and is presumably dependent upon interconnected
organic matter reserves, mineralization rates, and
geomorphology.
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Introduction

Nitrogen (N) fixation is one of the fundamental ways
in which N can enter stream ecosystems. While the
magnitude of this flux has been overshadowed by
widespread N loading (Vitousek et al. 1997; Fowler
et al. 2013), N-fixation may nonetheless be impor-
tant to meeting nutrient budgets in N-limited systems
globally, some of which include Earth’s last remain-
ing ‘pristine’ streams found in arid deserts, the poles,
and alpine regions (Grimm and Petrone 1997; McK-
night et al. 2007; Kunza and Hall 2014; Sohm et al.
2020; Bakker et al. 2022). Yet, even within these eco-
systems, studies directly demonstrating the ecologi-
cal influence of N-fixation are lacking, and the sub-
ject remains a considerable gap in the stream ecology
literature (Marcarelli et al. 2008, 2022). One reason
for this may be due to the majority of fixed N being
assimilated into biomass (Marcarelli et al. 2008).
Given that our understanding of the downstream
fate of assimilated nutrients is currently limited
to a few studies (e.g., O’Brien et al. 2012; Johnson
et al. 2013), it is no surprise that we have a limited
understanding of the role N-fixation plays in stream
biogeochemistry.

Microbial activity in the hyporheic zone (HZ),
likely manifesting as shallow benthic biolayers, is
widely appreciated for performing the bulk of bio-
geochemical transformations in stream ecosystems.
Organic matter (OM) enters the HZ where it is min-
eralized, and under anoxic conditions, can lead to N
removal through denitrification. However, ammonium
(NH,*) can also sorb to HZ sediments, and if redox
conditions are appropriate, nitrification may also
take place, transforming NH,* to nitrate (NO;7). As
a result, the HZ can also serve as a source of N at
upwelling zones, making N available for microbial
uptake downstream (e.g., Valett et al. 1994; Jones
et al. 1995a, b). Although unquestionably important
for processing OM (Findlay 1995; Boulton et al.
1998), most investigations of HZ transformations
have been conducted over single stream reaches,
largely due to logistical constraints and confound-
ing factors that complicate greater study scales (e.g.,
riparian vegetation, tributaries, human activity,
etc.). As a result, few studies have addressed ques-
tions related to HZ linkages at the landscape scale,
although these scales are the most relevant for stream
management and conservation (Krause et al. 2011).
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The McMurdo Dry Valleys (MDVs) are the largest
ice-free area of Antarctica, and here glacial melt cre-
ates extensive stream networks for several weeks of
the austral summer (Fountain et al. 1999; Wlostowski
et al. 2016). These streams are ideal for studying
autochthonous OM cycling because they lack ripar-
ian vegetation (minimizing allochthonous inputs),
lateral connectivity with the landscape (including
groundwater due to extensive permafrost), and host
negligible grazer biomass (McKnight et al. 1999).
Yet, resident microbial life can be abundant, forming
thick microbial mats (“mats” for brevity) on stream
sediments and margins. Three mat types can be dis-
tinguished, which differ in color, streambed location,
and dominant taxa (Kohler et al. 2015a; Van Horn
et al. 2016). Specifically, “orange” mats cover the
mainstem sediments and are chiefly comprised of fila-
mentous cyanobacteria including genera Leptolyng-
bya, Oscillatoria, and Phormidium. “Green” mats are
composed of chlorophytes and attach to large rocks.
Lastly, “black” mats are formed by N-fixing Nostoc
and are restricted to stream margins where they can
form dense colonies (Fig. 1). All three mat types are
perennial and grow at high abundances where geo-
morphological conditions are favorable (McKnight
et al. 2007; Kohler et al. 2015a). Importantly, these
mats (especially the black mats) are sources of coarse
particulate organic material (CPOM) to the stream,
with peaks in CPOM concentrations occurring on the
rising limb of the daily flow pulse (Stanish 2011; Cul-
lis et al. 2014).

In the MDVs, phosphorus (P) in streams is mostly
derived from the weathering of apatite in the HZ
(Bate et al. 2008; Heindel et al. 2018). Thus, P con-
centrations can increase downstream with other
weathered solutes (Maurice et al. 2002; Gooseff
et al. 2002). In contrast, the only abiotic input of N
ultimately derives from atmospheric deposition of
NO;~, which accumulates on, and is released from,
source glaciers. Aside from this, all other N must
originate from N-fixation and the mineralization of
OM (Howard-Williams et al. 1989). The mats them-
selves act as nutrient sinks and readily take up added
nutrients. Analysis of tracer experiments has shown
that streams with greater mat coverage have greater
nutrient uptake rates (e.g., Green Creek, Gooseff
et al. 2004) than streams with low mat coverage (e.g.,
Huey Creek, Koch et al. 2010). As a result, streams
with high mat coverage typically have lower nutrient
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Fig. 1 Nostoc-based black
mats as they appear in the
field, with panel a showing
their marginal position
within a McMurdo Dry
Valley stream, and panel b
providing a detailed image

concentrations at their outlets than streams where
mats are sparse (McKnight et al. 2004). Yet, measur-
able concentrations of nutrients are present at the out-
lets of all streams, despite high mat biomass that may
be present for kilometers of stream length. It was thus
hypothesized that glacier-derived N can be exhausted
prior to reaching stream outlets given sufficient mat
biomass and stream length, making downstream mat
communities dependent upon mineralized N for their
persistence (Howard-Williams et al. 1989; Kohler
et al. 2018).

Nitrogen transformations in the HZ have been
well-described in the MDVs (Gooseff et al. 2004,
Koch et al. 2010), and coupled N-OM reactions
in the HZ specifically are thought to be the mecha-
nism by which sufficient nutrient regeneration takes
place to facilitate downstream biomass (McKnight
et al. 2004). In support of this, Kohler et al. (2018)
utilized the distinctive stable isotopic signatures of
different N sources in one MDV stream system (i.e.
Relict Channel and Von Guerard) to show that the
orange mats receive increasing proportions of Nostoc-
derived N with greater distance downstream. Later,
Heindel et al. (2021) used diatoms as a tracer to dem-
onstrate that black mat biomass is transported in the
stream and entrained in the HZ, and retained black
mat biomass corresponded to greater NH,* sorbed to

sediments. Furthermore, Singley et al. (2021) found
that HZ microbes are capable of nitrification and
NO;™ accumulates in the HZ. Yet, given that most of
this research has been conducted in the same stream
system (i.e., Von Guerard), the influence of these
processes across MDYV streams is not known, though
necessary to resolve the importance of N-fixation for
landscape-scale biogeochemistry in the MDVs and
potentially streams in other settings as well.

We here ask two questions: First, how are 8N
signatures of different mat types related to available
N sources, specifically N-fixing black mats and DIN
concentrations, across sites? Secondly, can mat 3PN
signatures be explained by their distance from the
source glacier, approximating the degree of cumula-
tive microbial processing? To answer these questions,
we utilize the characteristic 8'°N signatures of dif-
ferent endmember sources in the MDV. Specifically,
N originating through N-fixation should have 8N
values near the atmospheric standard (~0%o), while
nitrates in the MDV are characteristically depleted in
8N and range from — 26.2 to — 9.5%0 (Michalski
et al. 2005). Based on the results from Kohler et al.
(2018), we expect that black mats will have 31N
values nearest the atmospheric standard across all
sites, reflecting N-fixation as their primary N acquisi-
tion strategy. On the other hand, 8'°N signatures of
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non-N-fixing orange and green mats should reflect
overall N availability and possess intermediate sig-
natures, being more 8'°N depleted where glacier-
derived N is abundant, and more 5'°N enriched where
Nostoc-derived N is the dominate N source (Peterson
et al. 1997; Scott et al. 2007). Lastly, we predict that
geomorphological conditions favoring high mat cov-
erage, coupled with greater distance downstream, will
enhance the effects of N scarcity and result in mat
8N signatures closer to the atmospheric standard
(Fig. 2).

We address these questions using mat and water
sample data taken from 22 MDYV streams varying in
biological, chemical, and physical conditions (Kohler
and McKnight 2023). To complement these data,
we further developed a tailored mathematical model
to explore the plausible range (and interactions) of
DIN sources and cycling parameters that can repro-
duce observed longitudinal 8'°N signatures of mats
(Kohler 2018). By studying multiple streams in this
model environment, we are able to assess the impor-
tance of in-stream N-fixation and autochthonous OM
spiraling at the landscape scale. Given the widespread
occurrence of Nostoc (Dodds et al. 1995), these
results have potential implications, and applications,
for other oligotrophic stream ecosystems worldwide.

Materials and methods
Site description

Taylor Valley (Fig. 3) is centrally located within the
MDVs, and has been the subject of decades of stream
ecosystem research thanks to its abundant streams,
which are monitored for discharge, biomass, and
chemistry by the McMurdo Long-Term Ecological
Research (MCMLTER) program (http://mcm.ltern
et.edu). The region is ideal for testing basic con-
trols on stream microbial mats because stream char-
acteristics predictably shift from the Ross Sea coast
(down-valley) to the Taylor Glacier (up-valley), and
include a geochemical gradient that is reflected in
long-term water chemistry of both the streams (Bar-
rett et al. 2007; Welch et al. 2010) and the lakes they
empty into (Priscu 1995; Foreman et al. 2004), with
dissolved N:P ratios typically increasing up-valley
towards the Taylor Glacier (Fig. 2).
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Streams located down-valley near the Ross Sea
coast, and especially in the Lake Fryxell Basin, gener-
ally tend to be longer, have a lower gradient, and have
a stable stone pavement streambed. The valley nar-
rows west towards Taylor Glacier, and streams here
are shorter in length, have steeper banks and gradi-
ents, and are more likely to have fine, loose substrata
(McKnight et al. 1999; Kohler et al. 2015a; Wlos-
towski et al. 2016). This gradient in geomorphol-
ogy leads to dramatic differences in the abundance
and coverage of microbial mats, with Fryxell Basin
streams often harboring high coverages of orange and
black mats, which is in sharp contrast to the Bonney
and Hoare basins, where inhospitable conditions dis-
courage dense mat growth (Kohler et al. 2015a).

The physical properties of MCM streams strongly
influence hydrological and biogeochemical processes.
For example, Leslie et al. (2017) showed that a
shorter up-valley stream (i.e., Anderson Creek in the
Lake Hoare Basin) presented a less well-developed
HZ than a longer stream (i.e., Von Guerard in the
Lake Fryxell Basin) where the HZ was much larger
in size. This comparison may suggest that across the
valley, shorter, higher gradient streams also may pro-
mote less weathering, exhibit lower uptake rates, and
result in reduced OM processing than longer streams,
potentially influencing the pool of available resources
for biological uptake (and thus elemental and isotopic
composition of microbial mats). Coupled with this
(yet not totally independent), is the interacting effect
of stream mat coverage in influencing nutrient uptake
dynamics, as revealed through the results of the
Green Creek versus Huey Creek tracer experiments
(Gooseff et al. 2004; Koch et al. 2010), emphasizing
that cumulative reach-level effects of the HZ could
present themselves at landscape scales.

Sample collection

We surveyed 22 streams over Taylor Valley, the
majority along established transects above their cor-
responding lake outlets (Table 1, Fig. 3). These tran-
sects vary by the width of a given stream, and are typ-
ically ~ 10 m in stream length. Mat abundance at these
transects is related to geomorphology, and is gener-
ally representative for the stream as a whole. Both
mat and summer streamflow characteristics are moni-
tored by the MCMLTER (Kohler et al. 2015a; Wlos-
towski et al. 2016). All samples were taken from late
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Taylor Valley stream characteristics
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Fig. 2 Conceptual diagram illustrating the differences in stream characteristics from Taylor Glacier in the southwest (left) to the
Ross Sea Coast in the northeast (right), with their anticipated consequences for 8'°N signatures
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Fig. 3 Map of the study area, with a an inset of the Antarc-
tic Continent indicating the location of Taylor Valley, and b a
detail of the McMurdo Sound Region with Ross Island indi-
cated at right and Taylor Valley highlighted at left. Panel ¢ is
a detail of Taylor Valley, with Taylor Glacier to the far left

December to late January within the 2011-2012 and
2012-2013 austral summers (Table 1). These sum-
mers were similar in discharge magnitude and dura-
tion (Kohler et al. 2015a, b), and samples analyzed
from a given year were staggered spatially, such that
there was a comparable geographic spread of sam-
ple collected across Taylor Valley from both years
(thus, the ‘year sampled’ should not influence results,
Table 1). From each transect, GPS coordinates were
recorded and used to approximate the distance of
a given sample to the source glacier using Google
Earth©. Furthermore, given the well-described gradi-
ent of conditions from the Taylor Glacier (up-valley)
to the Ross Sea coast (down-valley), the distance of
a given site to the coast (near the New Harbor camp)
was further approximated as an additional, ‘compre-
hensive’ variable.

The three different mat types create visually and
compositionally distinct communities occupying
different areas of the streambed (Alger et al. 1997,
Kohler et al. 2015a), allowing for straightforward
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.
Lake Hoare

Lake
Fryxell

(southwest) and the Ross Sea coast to the right (northeast).
Blue circles indicate the approximate location of samples taken
at stream outlets, and the main channels of streams are super-
imposed with blue lines. Background images courtesy of the
U.S. Geological Survey acquired via GoogleEarth©

identification, differentiation, and sampling in the
field. Given the inherent heterogeneity among
streams, different mat types can either be found adja-
cent to each other or separated in space (e.g. differ-
ent channels within the same stream). Furthermore,
while ‘mixed’ communities can be present in areas
of overlap near the stream margin (Kohler et al.
2015a, Fig. 1), care was taken to avoid sampling these
assemblages to make subsequent interpretations as
clear as possible. Accordingly, up to three different
mat types—green, orange, and black—were sampled
at each site if they were present within the transect.
To account for natural heterogeneity, up to five rep-
licates (overall average n= ~3.5) were taken across
the transect for each mat type (depending on avail-
ability) for each analysis: ash-free dry mass (AFDM),
chlorophyll-a (chla), and elemental and isotopic com-
position (C:N:P stoichiometry, and 813C and 8N
isotopes). Sampling was executed by carefully lifting
mats from substrata with a spatula, and cores taken
with a brass cork borer (#13, 227 mm?). Within 24 h,
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Table 1 Taylor Valley stream transect name, outlet basin, GPS coordinates, mat types collected (G=green, O =orange, B =black),

level of coverage, and austral summer samples for stoichiometry and isotopes were taken (January year)

Transect name Drainage basin ~ Latitude (S)  Longitude (W)  Mattypes  Mat coverage  January sampled
Wales Stream* Ross Sea — 77.57942 163.50575 O,B Low 2013
Commonwealth Stream Ross Sea —77.56361 163.38256 G,0,B Low 2012
Aiken Creek Fryxell —77.60153 163.29089 O,B Low 2012
Lost Seal Stream Fryxell — 77.59595 163.24454 O Low 2013
Von Guerard Stream Gage  Fryxell — 77.60925 163.25408 G,0,B High 2012-13
Harnish Creek Fryxell —77.61221 163.23265 0,B High 2012-13
Huey Creek Fryxell —77.60231 163.12361 0,B Low 2013
Delta Stream Gage Fryxell —77.62533 163.10954 G,0,B High 2012-13
Canada Stream Gage Fryxell —77.61325 163.05322 G,0,B High 2012
Green Creek Fryxell — 77.62441 163.05936 G,0.B High 2012
Bowles Creek Fryxell — 77.62327 163.05776 G,0.B High 2012
Andersen Creek Hoare —77.62131 162.90698 (0] Low 2013
House Stream Hoare — 77.64286 162.74227 (0] Low 2012
McKay Creek Hoare — 77.64409 162.74612 (0] Low 2012
Wharton Creek Hoare — 77.64465 162.74507 O,B Low 2013
Popplewell Stream™** Mummy — 77.65760 162.67897 OB High 2013
Priscu Stream Bonney — 77.69637 162.53614 (0] low 2013
Bohner Stream Bonney — 77.69628 162.56392 G,0 Low 2012
Wormherder Creek Bonney —77.72598 162.31551 O Low 2012
Lyons Creek Tributary** Bonney —77.72685 162.27992 0} Low 2013
Lawson Creek Bonney —77.72036 162.26878 G,0.B Low 2012
Little Sharpe Creek** Bonney —77.72131 162.25880 0,B Low 2013

Streams are listed roughly in order of increasing distance from the Ross Sea. (*) indicates only elemental composition was analyzed,

(**) indicates unofficial stream name

all samples were dewatered onto Whatman® GF/F
filters and frozen at — 20 °C until later analysis.

Lastly, streamwater for nutrient chemistry analy-
ses was collected opportunistically for each stream
throughout the flow season, but always concurrently
with mat sampling. This ranged from 1 to 10 samples
for each stream transect per summer, with an average
of 4.6 (median =4.0) samples per stream in 2011-12
and an average of 4.9 (median 5.5) in 2012-13.
Briefly, raw water was collected in triple-rinsed
250 mL Nalgene® bottles, filtered through glass-fiber
filters, and frozen at the field station (Welch et al.
2010).

Laboratory analyses

Biomass was determined as in Kohler et al. (2015a)
for chla and AFDM. Briefly, chla was quantified by
extracting samples in 90% buffered acetone for 24 h
(Welschmeyer 1994), measuring the concentration of

chlorophyll-a in the supernatant on a Turner Designs
10-AU field fluorometer (Turner Designs, Sunny-
vale, California), and scaling the result to the area
of the brass cork borer used for sampling (final unit:
g chla cm™). AFDM subsamples were dried at 55
°C for 24 h (or until a constant mass was achieved),
weighed, burned at 450 °C for 4 h, and reweighed to
calculate mass loss following combustion (Steinman
et al. 1996), which was similarly scaled to sample
surface area (final unit: mg AFDM cm™2). An auto-
trophic index (AI) was created by dividing chla values
by their corresponding AFDM. All biomass analyses
were performed in Crary Laboratory at McMurdo
Station. In addition, coarse categorization of ben-
thic coverage (i.e. ‘low’ and ‘high’) was made for
each stream as in Alger et al. (1997), with less than
50% visual coverage qualifying as ‘low coverage’,
and greater than 50% as ‘high coverage’. In general,
streams seldom approached ‘50%’, and were mostly
‘all or nothing’ (particularly with regard to black
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mats), creating little ambiguity between high and low
coverage categories (Kohler et al. 2015a). Lastly, if
no mats of a given mat type were present at the tran-
sect during the time of sampling (and thus could not
be sampled), it was assigned a ‘0’ rather than ‘NA’ in
terms of its chla and AFDM.

The C:N:P and isotope subsamples were dried at
50-55°C and ground to a powder. Prior to analysis,
carbonates were removed from the C:N aliquot by
fumigation (Hedges and Stern 1984) to prevent loss
of acid-soluble carbon that may occur with rinsing
(Harris et al. 2001). A second aliquot was analyzed
without acidification in order to more accurately
measure 8'°N values, which may slightly increase fol-
lowing fumigation (Harris et al. 2001). Percent C and
N content was measured using a CE 1500 Elemental
Analyzer (CE Instruments Ltd., Wigan, UK) and §'°C
and 8N isotope ratios were obtained with Finni-
gan-MAT Delta Plus XL mass spectrometer at the
Center for Stable Isotope Biogeochemistry operated
by the University of California, Berkeley. The %P
aliquot was ashed in a muffle furnace at 500 °C for
1 h, digested with 1N HCI, and analyzed as soluble
reactive phosphorus (SRP) with a Lachat QuikChem
8500 Flow Injection Analyzer (Hach Company, Love-
land, Colorado) by the Kiowa lab at the University
of Colorado (Murphy and Riley 1962). A spinach
standard (#1570a) was analyzed every~10 samples
to ensure method accuracy and digestion success.
Resulting values were converted to molar C:N, C:P,
and N:P ratios, and were used as a proxy to determine
mat nutrient limitation through comparisons with the
Redfield ratio (Redfield 1958).

Streamwater nutrient analyses were performed on
either a Skalar San+ +Continuous Flow Analyzer
(20112012 summer) or a Lachat QuickChem Flow
Injection Analyzer (2012-2013 summer) optimized
for low concentrations (Welch et al. 2010). Dissolved
inorganic nitrogen (DIN) was calculated as the sum
of N-NH;*, N-NO,", and N-NO;". In general, NH,*
and NO,™ were mostly low or undetectable. Detection
limits for 2011-2012 nutrient data were 1 pg L™! for
N as N-NO,™ and NO;~, and 3 pg L' for P-SRP. For
2012-2013 nutrient data, detection limits were 1 ug
L~! for N-NO;~, 0.7 pg L~! for N-NO,™, 5 pg L~! for
N-NH,*, and 0.6 pg L~! for P-SRP. In cases where
the measured concentrations of stream water nutri-
ents were below detection limits, a value of half the
respective detection limit was designated.
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Stream water nutrient (DIN and SRP) concentra-
tions are variable throughout the summer. Initial “first
flow” concentrations can be orders of magnitudes
higher in concentration than those later in the sum-
mer as the streambed is flushed, and greater discharge
leads to nutrient dilution and uptake by reactivated
mats (McKnight et al. 2007). Because of this, nutri-
ent measurements represent “snapshots in time,”
while the algal mats themselves represent longer-term
chemical “archives.” Accordingly, we averaged all
nutrient measurements from samples collected over
a given summer to most accurately characterize indi-
vidual transects. The results were in broad agreement
with Welch et al. (2010), who showed that streamwa-
ter N:P ratios typically increase up-valley (away from
the Ross Sea coast) using nearly two decades of mon-
itored data. In streams with multiple gaging stations,
only water chemistry from the ‘mat transects’ were
used in calculations (i.e., where mats were sampled
from).

Statistical analyses

Prior to univariate variable analyses, we conducted
exploratory analyses to identify potential outliers
and characterize data distributions (Zuur et al. 2009,
2010). Variables were averaged to create one value
per mat type per stream (to reduce problems associ-
ated with uneven replication among streams), and
data log;,(x)-transformed to induce a normal distri-
bution if necessary. Potential collinearity of explana-
tory variables was then assessed by pairs-plots and
variance inflation factors. Due to the high collinear-
ity found between explanatory variables (i.e. mat bio-
mass, DIN, distance from glacier, distance from the
coast), as well as assumed non-independence between
these same variables, we opted to first create simple
linear regression models (Im) to explain variability
within individual parameters. Specifically, we tested
how mat biomass, elemental composition, and iso-
topic signatures change as a function of black mat
chla (proxy for N fixation), DIN concentration, their
distance from the source glacier (a proxy for N uptake
and OM processing), and the distance from the Ross
Sea coast (comprehensive variable).

In order to find the most parsimonious combina-
tion of variables explaining 8'°N signatures for each
mat type, we used Akaike information criterion cor-
rected for small sample sizes (AICc, Burnham and
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Anderson 2002) to compare different linear mod-
els including combinations of black mat chla, DIN,
and distance from the source glacier (‘distance from
the coast’ was not included because it theoretically
already encompasses the former variables), along
with a null model. Furthermore, differences between
mat types (in terms of their biomass, elemental, and
isotopic characteristics) were assessed with Tuk-
ey’s Honest Significant Differences, and differences
between high and low coverage streams assessed with
Welch’s t-test. Unless stated otherwise, all compari-
sons were performed individually between the differ-
ent mat types (i.e. green, orange, black), and by using
the R statistical environment (R Core Team 2022).

Modeling longitudinal DIN sourcing and cycling

We formalized the hypothesis that assimilatory
uptake and coupled N-OM cycling results in a longi-
tudinal shift in the predominant source of N in MDV
streams into a set of coupled differential equations.
This mathematical model simulates downstream
changes in the relative fraction of glacier- and black
mat-sourced inorganic N concentrations and the
resulting bulk DIN isotopic composition. While the
hydrology of MDV streams is highly dynamic, we
chose to represent the system in steady state, again in
accordance with the fact that algal mats themselves
represent longer-term chemical “archives.” For this
model, Eq. 1 represents the spatial rate of change in
isotopically depleted glacier-derived inorganic N.
Equation 2 represents the black mat-derived inorganic
N.

2
% =_ N (1)
dx N, +N,

N,
dx N, +N, @

Here, Ng is the concentration of glacier-derived
inorganic N (pg L™), N, is the concentration of black
mat-derived inorganic N (ug L"), A is the inorganic
N uptake rate of orange mats (m™"), ¢ is the flux of
inorganic N from the HZ to the stream (pg L™' m™)
due to remineralization (combined with desorption
following temporary storage by sediment), and x is

the channel distance (m) measured from the glacier
from which meltwater is supplied to the stream.

For any given channel distance, the 8'°N of DIN in
stream water is calculated as:

SBN _ (515Ng 'Ngx) + (515Nb 'Nbx) 3)
x,pred Ng,x + Nb,x

where 6°N, is the isotopic signature of black mat
matter, and 5]5Ng is the isotopic signature of glacier-
derived DIN sources.

While the streams and biota of the MDVs have
been studied extensively, the challenges associated
with fieldwork in a polar desert environment limit
the frequency and type of samples that have been
collected, with most effort focused on stream outlets
to lakes. Consequently, limited data are available on
concurrent glacial meltwater DIN concentrations and
isotopic signatures at both the head and outlets of
streams for use in parameterizing the model. As such,
we utilized the model to explore various potential N
spiraling scenarios that could account for observed
longitudinal mat isotopic patterns (e.g., Kohler et al.
2018), rather than determining a single best set of
parameters. Specifically, we minimized an objec-
tive function for the residual sum of squares (Eq. 4)
between model predictions of longitudinal DIN 8N
and observed orange mat 8'°N composition for a sin-
gle stream (Relict Channel, n= 14; Kohler 2018).

RSS = 2 (515Nx,obs - 515Nx,pred)2 (4)

Using this approach, we fit the model to obtain
A and ¢ values for 25 independent simulations rep-
resenting combinations of plausible values for the
concentration and isotopic signature of glacial DIN
inputs. We iteratively set the upstream boundary con-
dition (Ng,x=0) to concentrations representing the Sth,
25th, 50th, 75th, and 95th-percentiles of observed
DIN concentrations from 456 ice core samples for
which DIN was detectable in MDV glacier ice core
segments (Bergstrom and Gooseff 2021). We also
varied 615Ng from —6%o, the most depleted orange
mat sample observed in this stream, to —14%o, which
we take as a conservative lower limit for steady state
modeling at three times the standard deviation from
the mean of 8'°N for orange mat samples collected
across all sites reported here. It is unlikely that, on
average, the 8'°N of glacial inputs is more depleted
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than this value for the source glacier of this stream.
Across all simulations, we held 615Nb equal to the
atmospheric standard (0%o) to simulate black mat
reliance on N fixation.

The resulting 25 model simulations generated
longitudinal predictions of total DIN concentrations
and the fractions therein from black mat and glacier
sources, bulk 8'°N of the streamwater DIN and non-
N-fixing orange mats, as well as uptake and remin-
eralization/release coefficients (A and ¢). Again, due
to the limited information for model parameteriza-
tion, we limited our analysis to qualitative explora-
tion of predicted longitudinal patterns and parameter
relationships across the 25 simulations. Finally, we
calculated differences in upstream and downstream
boundary condition DIN concentrations to assess
the magnitude of net DIN source or sink behavior
required to generate the observed 8'°N patterns in
orange mats under each glacial meltwater concentra-
tion and isotopic signature scenario.

Results
Differences between mat types

Black mats had the greatest mean biomass values
(omitting zero values), averaging 21.63 (SD+8.25)
mg AFDM cm? and 14.17 (+6.87) pg chla cm?
Orange mats were intermediate, with 8.69 (+3.80)
mg AFDM cm? and 7.37 (+4.70) pg chla cm?, and
green mats had the lowest average biomass, with
2.97 (+1.69) mg AFDM cm? and 3.76 (+£2.59) ug
chla cm?. Comparisons with Tukey’s test indicated
that black mat AFDM and chla values were signifi-
cantly greater than those for orange and green mats
(p<0.002 for all). Furthermore, orange mats had
greater values than green mats in terms of AFDM
(p=0.041) but not in chla. Despite this, green mats
had significantly greater Al (chla:AFDM) val-
ues (average 1.40+0.78) than both orange mats
(0.92+0.41) and black mats (0.69+0.29) (p=0.005
and 0.048, respectively), but black and orange mat Al
values were not significantly different.

Mat C:N:P stoichiometry was also measured
to deduce possible nutrient limitation patterns.
Observed C:N ratios were similar among mat types
(black mean/SD=10.55+1.23; green=9.35+1.45;
orange=9.55+0.98), and were greater than or equal
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to the Redfield Ratio (~7) in all streams. Orange
mats had the lowest C:P ratios (though only signifi-
cantly different from black mats, p=0.039), and were
consistently below Redfield Ratio (~106) averag-
ing 49.10 (£30.00). The remaining mat types were
above Redfield Ratio and had significantly greater
C:P values than orange mats (both p<0.001), with
black mats averaging 137.84 (+59.81), and green
mats 132.34 (SD+35.43). Finally, all mats were at
or below Redfield Ratio for N:P (~16). Black mats
had the greatest average at 15.89 (SD +£6.96), a close
match to the Redfield Ratio. Orange mats had the
lowest N:P ratios averaging 5.67 (SD +3.73), while
green mats averaged 14.44 (SD +5.27). Tukey com-
parisons revealed no significant different between
N:P of black and green mats, but both these mat types
had significantly greater N:P ratios than orange mats
(both p<0.001).

Mat types also differed in their isotopic ratios.
Green mats had the lowest 8'°C values, averaging
-24.34%0 (3.40), and were significantly lower than
in both orange and black mats (both p <0.001). Mean-
while, orange and black mats were almost identical,
measuring -17.31%o (£4.05) and -17.38%0 (£1.76),
respectively. Black mats were overall more enriched
in their 8'°N signatures than other mat types, aver-
aging -2.96%o (£2.77). However, differences were
only statistically different between black and orange
mats (p=0.004). The remaining two mat types were
similar in their average 5'°N signatures, with -5.21%o
(£3.03) for green mats and -7.61%c0 (+£4.74) for
orange mats.

Characteristics over Taylor Valley

Measured distances from transects to source glaciers
significantly increased with distance down-valley,
from the Taylor Glacier towards the Ross Sea (adj.
R%=0.141, df=20, t=-2.108, p=0.048). DIN con-
centrations significantly increased with increasing
distance from the coast (adj. R?>=0.144, df=20,
t=2.13, p=0.046), while SRP significantly decreased
over the same distance (adj. R?2=0.141, df=20,
t=— 2.11, p=0.047). As a result, the streamwater
molar N:P ratio significantly increased with distance
from the coast (adj. R?*=0.312, df=20, t=3.241,
p=0.004). Most streamwater N:P values were above
Redfield Ratio (~ 16) with an overall average of 49.62.
In general, mat biomass measurements were poorly
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related to the distance from the coast, and the only
significant comparison belonged to black mats, whose
chla (adj. R?=0.180, df=19, t=-2.32, p=0.031) and
Al (adj. R>=0.234, df =11, t=— 2.16, p=0.053) sig-
nificantly decreased away from the Ross Sea.

Over Taylor Valley, green mat C:N significantly
decreased away from the coast (adj. R*=0.421,
df=6, t=— 2.467, p=0.049) whereas black mat C:N
increased over the same distance (adj. R*>=0.444,
df=12, t=3.371, p=0.006). Meanwhile, there were
no significant differences in orange mat C:N, or the
molar C:P and N:P ratios of any mat type, with dis-
tance from the coast. DIN concentration had a sig-
nificant, negative influence on orange mat C:N ratios
(adj. R%=0.138, df=20, t=— 2.09, p=0.050), but
not on black or green mats. Similarly, increasing SRP
concentrations reduced orange mat C:P values (adj.

R%=0.178, df =20, t=— 2.353, p=0.029), but there
was no correlation with black or green mats. Neither
DIN nor SRP alone significantly explained molar N:P
of any mat type. Lastly, only orange mats showed
patterns in 8'°C signatures, and increased away from
the coast to Taylor Glacier (adj. R>=0.209, df=20,
t=2.556, p=0.019).

The 8'°N signatures of all mat types were overall
unrelated to their distance from the source glacier,
and only black mats showed marginally-significant
enrichment with increasing distance (adj. R?=0.221,
df=12, t=2.163, p=0.051; Fig. 4). Additionally,
increasing DIN concentrations was significantly asso-
ciated with depletion in 83N signatures only for green
mats (adj.R?=0.619, df=6, t=-3.516, p=0.013),
although this was marginally significant for orange
mats (adj.R*=0.085, df=20, t=— 1.721, p=0.101).
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Fig. 4 5N isotopic ratios for green (top row, a-d), orange
(middle row, e-h), and black (bottom row, i-1) mats plotted
against the distance from the source glacier (far left column),
average transect DIN concentration (middle-left column),
black mat chlorophyll-a (middle-right column), and the dis-
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tance to the Ross Sea coast (far right column). Points are aver-
ages, and best-fit lines where present were calculated using
least-squares linear regression. A solid line is given where
p-values <0.05, dashed lines for p-values between 0.05 and
0.10, and no line is given where p-values >0.10
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Furthermore, green (adj. R%2=0.627, df=6, t=3.572,
p=0.012) and (marginally) orange (adj. R>=0.102,
df=19, t=1.809, p=0.086) mat 6'°N was signifi-
cantly enriched as black mat chla increased (with
black mat chla here used as a proxy for N-fixation),
although there was no relationship with black mat
8N (Fig. 4). Lastly, the 8'°N of all mat types was
compared with the distance to the coast as a ‘com-
posite’ variable encapsulating gradients in DIN, black
mat biomass, and distance from source glaciers.
Orange (adj. R>=0.185, t=2.401, df=20, p=0.026),
green (adj. R%2=0.632, df=6, t=3.606, p=0.011)
and black (adj.R*=0.383, df=12, t=— 3.010,
p=0.011) mats were all significantly more depleted
in their 8'°N signatures as transect distance from the
coast increased (Fig. 4).

In addition to these comparisons, we also tested for
differences among streams with high and low cover-
ages of mats. In all, there were 15 low-coverage and
7 high-coverage transects sampled (Table 1). High
coverage streams had significantly lower DIN con-
centrations than low coverage streams (high coverage
mean=237.2 pg L~!, low coverage mean=174.4 pg
L~ Welch’s t-test, t=— 3.62, df=19.58, p=0.002).
While SRP also showed lower concentrations in high
versus low coverage streams (5.15 versus 17.04 pg
L~!, respectively), this difference was not statistically
significant. Furthermore, none of C:N, C:P, N:P, nor
8'°C were significantly different between high and
low coverage streams for orange and black mat types
(green were not tested due to low sample size). How-
ever, orange mat 8'°N signatures were significantly
greater in high coverage streams (t=3.48, df=16.70,
p=0.003, Fig. 5), though there was no statistical dif-
ference in black mat 8'°N between stream types.

Lastly, we also compared and ranked different lin-
ear models to find the most parsimonious combina-
tion of variables explaining mat 8'°N (Table 2). We
found that black mat chla was present in the highest-
ranking model for all three mat types, indicating an
overall high level of influence. More specifically, the
best model for green mats was black mat chla alone,
garnering 44% of the weight, followed by DIN alone,
which accounted for another 40%. For orange mats,
the top model included both DIN and black mat chla
(39% of the weight), followed by black mat chla alone
(34%), and then by distance to the glacier combined
with black mat chla (11%). Lastly, for black mats, the
best model again was black mat chla alone (38% of
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Fig. 5 Boxplots of 8'°N isotopic ratios for green (top, a),
orange (middle, b), and black (bottom, ¢) mats for high and
low coverage stream transects. High and low coverage des-
ignations are taken from Alger et al. (1997) and Kohler et al.
(2015a), with remaining designations reported in Table 1

the weight), followed by the combination of DIN and
black mat chla (28%), and then by distance to the gla-
cier (10%).

Modeled longitudinal DIN sourcing and cycling

The optimized parameters for DIN uptake (A) and
black mat-derived N release (¢) for our steady state
model closely replicated the observed longitudinal
orange mat 8'°N composition patterns in the Relict
Channel for all upstream boundary concentrations
and N source isotopic composition combinations that
we simulated. Specifically, the average root mean
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Table 2 AICc output for Mat type  Parameter k AICc AAICc AICcWt Cum. Wt LL
linear models describing
B enge, and black Green  B_chla 3 4223 0 0.44 0.44 -1512
mat signatures.
Models with weights DIN 3 4240 017 0.40 0.85 —-15.2
greater than or equal to 10% null 2 4575 3.52 0.08 0.92 - 19.67
are shown in bold DIN + B_chla 4 46778 4.5 0.05 0.97 —-12.72
transect + DIN 4 4832  6.09 0.02 0.99 —13.49
transect 3 5043 8.20 0.01 1 -19.21
AIC indicates Akaike’s transect+ B_chla 4 5144 921 0 1 - 15.05
Information Criterion, transect+DIN+B_chla 5 63.59 2136 0 1 118
k indicates the number ] 4 12819 0 0.39 0.39 3.8
of parameters (including Orange DIN + B_chla . . . — 58.85
intercept and error terms), B_chla 3 128.48 0.28 0.34 0.73 —60.53
AAICc is the difference transect + B_chla 4 130.75 2.55 0.11 0.84 —60.12
between the AICc value transect+DIN+B_chla 5 13078 259 0.1 0.94 - 58.39
and the lowest AICc value,
AICcWt is the relative DIN 3 13416 597 0.02 0.96 - 63.41
likelihood that the model null 2 13450 6.30 0.02 0.98 —64.93
is the best approximating transect + DIN 4 13525 17.06 0.01 0.99 —62.45
mOde}’ tC.“m'Wt }llst thed transect 313560 740 001 1 — 64.13
cumulative weight, an
LL is log likelihood. Black B_chla 3 6836 0 0.38 0.38 —29.85
Variable abbreviations: DIN + B_chla 4 68.95 0.60 0.28 0.66 —27.98
“DIN” =dissolved transect 3 7102  2.66 0.10 0.76 -31.31
Inorganic nitrogen, transect + B_chla 4 7115 279 0.09 0.86 —29.07
“transect” = distance
of a transect from the null 2 7232 396 0.05 091 —33.62
source glacier’ and transect + DIN 4 73.02 4.66 0.04 0.95 -30.29
“B_chla” =black mat transect + DIN + B_chla 5 7348 512 0.03 0.97 —27.45
CthrOphyll-a concentration DIN 3 73.77 5.42 0.03 1 —~32.69

at the given transect

square deviation between observed and predicted
longitudinal 8'°N across the 25 fitted models was
1.1%0 (£0.7). The results for the scenarios based on
the observed median N, ,_, concentration — the most
likely condition — are presented in Fig. 6 (with N,
indicating the concentration of glacier-derived DIN),
while the corresponding longitudinal results for the
scenarios based on the Sth, 25th, 75th, and 95th per-
centile N, ,_, concentrations are presented in the sup-
plemental material, Fig. S1-4). For the median N, )
cases, the rise of orange mat 8'5N to near 0%o with
increasing channel distance (Fig. 6a—e) is depend-
ent on rapid and complete removal of glacier-derived
DIN in the upper reaches of the modeled channel
(Fig. 6f—j) while black mat-derived DIN increases
rapidly and then stabilizes in all scenarios. Gener-
ally, total DIN concentrations decline and eventually
stabilize towards the stream outlet, though scenarios
with more isotopically depleted glacier-derived DIN
also predict longitudinally increasing concentrations
due to a more rapid rise in the black mat-derived DIN

fraction to reproduce the observed total DIN §'°N
values. As outlet concentrations were not constrained
in the model optimization, we note that simulations
with more depleted glacial sources predict higher out-
let DIN concentrations, though all simulations predict
concentrations within the range observed at stream
outlets. Importantly, this variation in predicted out-
let concentrations is a mathematical effect of mixing
various endmember signatures to achieve the same
bulk isotopic composition in stream water and is not
suggestive of preferential uptake in this highly oligo-
trophic system.

Across all the scenarios, the fitted uptake coef-
ficient (A) varied by a factor of just over two
(0.02-0.05 m™"), while the black mat-derived DIN
release coefficient (¢) varied much more widely
(0.06-3 pg L' m™"). We found that for this model
formulation, ¢ was linearly related to the glacial
source 8'°N, with the slope of the relationship
approaching zero as the concentration of glacial
inputs declined (Fig. 7a). We observed that A also
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Fig. 6 Observed longitudinal trends in 8'N of orange mats
in the Relict Channel with model predictions of DIN isotopic
composition (top row, a-e) and source fractions (bottom row,
f-j) across a range of glacial-derived DIN input signatures (col-
umns). Each simulation utilized the median DIN concentration
from ice cores as an upstream boundary condition. Similar
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results from simulations utilizing the 5th, 25th, 75th, and 95th-
percentile observed glacial DIN concentrations are provided in
Supplemental Fig. S1-4. N, indicates the total concentration
of DIN, N, the concentration of black mat-derived DIN, and Ng
the concentration of glacier-derived DIN (all in pg L™")
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declined linearly with 615Ng, though this relation-
ship was notably not dependent on the concentra-
tion of glacial inputs (Fig. 7b). As expected, these
combined relationships predict that higher orange
mat DIN uptake coefficients must be associated
with proportionally larger increases in black mat-
derived DIN release rates, with exact relationship
slopes dependent on the concentration of DIN in
glacial meltwater (Fig. 7c).

Finally, the model predicts that while the pre-
dominant source of available DIN shifts from gla-
cial meltwater to black mats with increasing channel
distance, reproducing orange mat isotopic patterns
requires that the streams function as net DIN sinks
under most scenarios (Fig. 8). Only in cases with
the most extremely depleted 8'°N values (i.e.,
-14%o) for glacier-derived DIN, does the model pre-
dict that the streams function as net DIN sources to
reproduce orange mat signatures. Across all other
scenarios, the model predicts that the stream must
function as a stronger DIN sink (up to~2/3 reduc-
tion in concentrations) when glacial 8'°N values
decrease. That is, reproducing the longitudinal sig-
nature of orange mats requires smaller releases of
black mat-derived DIN in scenarios for which the
glacial DIN source itself has an isotopic signature
closer to the atmospheric standard.
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Fig. 8 Modeled steady-state DIN inputs from glacial meltwa-
ter versus outlet (x=4000 m) for the Relict Channel across all
model simulations with 1:1 reference line distinguishing net
DIN source or sink behavior

Discussion

Through field observations and modeling, we here
provide evidence that N-fixation represents a sub-
stantial contribution to MDV stream N budgets at the
landscape scale. Across MDV streams, black mat bio-
mass had a C:N ratio matching the Redfield ratio, and
greater average 5'°N signatures than other mat types.
Overall, 8"°N signatures of orange and green mats
increased with greater black mat chla and lower DIN
concentrations — conditions exemplified in down-val-
ley streams near the coast. Furthermore, orange mats
(but not black) were significantly more enriched in
8N when coming from streams with high mat cover-
age (equating to lower DIN concentrations but greater
Nostoc biomass), yet were not more enriched than
the atmospheric standard (8N = 0%o). In addition
to these findings, a steady state model revealed that
N-fixation is required to account for observed lon-
gitudinal 8'°N signatures and DIN concentrations at
stream outlets. Collectively, these results demonstrate
the ecological importance of N-fixation to MDV
streams, and exemplify the connectivity between
hydrologic and geomorphic processes, biogeochemis-
try, and different biological compartments at the land-
scape scale.

N-fixation in the MDV

Given the fundamental importance of N-fixation
and the common occurrence of Nostoc in temperate
streams (Dodds et al. 1995), the limited exploration
of this topic is remarkable (Marcarelli et al. 2008,
2022). Even in MDV streams, N-fixation was histori-
cally assumed to be of limited importance to N budg-
ets, despite visually high coverages of black Nostoc
mats. Yet, the molecular machinery for N-fixation
in black mats is common across the MDYV landscape
(Coyne et al. 2020; Zoumplis et al. 2023), and sev-
eral recent studies have shown N-fixation rates to be
relatively high and comparable to warmer systems
at lower latitudes (McKnight et al. 2007; Sohm et al.
2020). Nonetheless, N-fixation rates alone are not suf-
ficient for estimating the contribution of N-fixation at
the landscape scale, because like with MDV stream-
water nutrient chemistry, they are but a snapshot in
time. Thus, another line of evidence for the impor-
tance of N-fixation in these systems are mat &'°N
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signatures because they account for the cumulative,
long-term importance of this N source.

Recently, we found evidence that N-fixation con-
tributes to nutrient budgets along the longitudinal
gradient of one stream system (Kohler et al. 2018;
Heindel et al. 2021; Singley et al. 2021), which led to
our hypothesis that N-fixation is influential to streams
across the entire MDV landscape. We predicted
that black mat 8'°N signatures will be consistently
the most enriched and near the atmospheric stand-
ard, reflecting N-fixation (Peterson and Fry 1987;
Michener and Lajtha 2007). Because orange and
green mats presumably fix less N than black mats,
their isotopic compositions should largely reflect
what is available for uptake. As a result, we hypoth-
esized their signatures should be more variable than
black mats across sites, reflecting the more depleted
glacier-derived N when it is available, and the more
enriched Nostoc—derived N when black mat biomass
is high and DIN is low (Michalski et al. 2005; Scott
et al. 2007).

Overall, our hypotheses were supported in that
mat 8'°N signatures were more likely to be enriched
where DIN concentrations were lower and Nos-
toc biomass greater. However, while Nosfoc overall
had more enriched 8'°N signatures, and signatures
indicative of N-fixation notably in the high cover-
age / N-limited streams of the Fryxell Basin, they
also exhibited 8'°N depletion in up-valley streams
(characterized by low coverage/high DIN), suggest-
ing uptake of glacier-derived DIN along with other
mat types. This scenario was exemplified in Huey
Creek, which was an outlier in the Fryxell Basin.
Huey Creek drains a snowfield in the Asgard Range,
and mats are sparse due to frequent flooding, high
sediment loads, and unstable substrata (Runkel et al.
1998; Koch et al. 2010). Here, all mat types, includ-
ing black mats, were anomalously depleted, indicat-
ing assimilated N derived from the snowfield rather
than N-fixation. Similarly telling are the 8'°N signa-
tures of orange and black mats from Lawson Creek
in the Bonney Basin (up-valley near Taylor Glacier),
which were ~ — 8%o for both mat types.

Given that water availability (and by extension,
DIN) for black mats is variable due their location at
stream margins, the ability for black mats to alternate
nutrient pathways is an asset energetically (Dodds
et al. 1995). Where N is abundant, black mats can
assimilate N at low metabolic cost (fixation may even
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cease), resulting in 8N depletion. Alternatively,
these more depleted 8'°N signatures may also indicate
changes in species composition within the black mats.
While morphological investigation through micros-
copy indicates that most of the black mat biomass
is comprised of Nostoc with taxa from other groups
occasionally present (e.g. Alger et al. 1997), recent
molecular investigations have shown black mats to be
more compositionally diverse (Van Horn et al. 2016;
Zoumplis et al. 2023), though still largely dominated
by Nostoc. Thus, it could be that changes in black mat
isotopic signatures could be related, at least in part, to
community shifts within the mat, though this requires
further investigation.

In addition, depletion/enrichment patterns among
mats may be partially due to the degree of processing
taking place from source glaciers to corresponding
outlets. ‘Nutrient spiraling’ conceptualizes how nutri-
ents cycle within streams, and a ‘spiral’ begins with
an element (such as N) traveling through the water
column in an inorganic form, followed by its incorpo-
ration into biota, and is completed by its release back
into the water column in an inorganic form, all while
traveling downstream (Newbold et al. 1981). In low
coverage streams, the length required for N to com-
plete a spiral is longer than in high coverage streams
because DIN concentrations will be relatively high
and uptake rates low. Thus, from glacier to mouth,
each atom of N is likely to be biogeochemically trans-
formed fewer times than an atom of N released into
a high coverage stream, and these differences likely
intensify as stream length increases, such as in those
near the coast. Biological processes such as nitrifica-
tion and denitrification discriminate against the heavy
N species (Lehmann et al 2003; Michener and Laj-
tha 2007), preferentially removing the lighter isotope
(Montoya and McCarthy 1995). Because of these
small fractionations with each biological transfor-
mation, some degree of 8'°N enrichment might be
observed in mats with greater cumulative processing
due to this mechanism alone.

However, we argue that differences in N sources
are likely more influential in determining the final
isotopic signature of mats than repeated processing.
Firstly, mat uptake and assimilation of NO;™ has been
shown to be orders of magnitude higher than HZ den-
itrification and dissimilatory reduction (Gooseff et al.
2004; McKnight et al. 2004). Secondly, if nutrient
transformations were a highly influential mechanism
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for N isotopic signatures in this system, we would
expect to see 8'°N values occasionally surpassing the
atmospheric standard of ~0%o, especially in longer
streams. Yet, both in this study and its predecessor
(showing longitudinal trends in Von Guerard, one of
the MDV’s longest streams; Kohler et al. 2018), this
proved not to be the case. In fact, the 3N signatures
of mats from the outlets of longer streams (e.g. Delta
and Von Guerard) were comparable with the samples
from the outlets of some shorter streams (e.g. Bowles
and Green), with black mat signatures near~0%o
and other mat types slightly less, but none substan-
tially above 0%o. This indicates that the enrichment
effect is primarily from the uptake of Nostoc—derived
N that is re-mobilized in the HZ through degradation
of entrained black mat-derived CPOM carried by the
streams on a daily basis (Cullis et al 2014).

Overall, we found limited significant relationships
with mat 8'°N signatures and the distance from the
source glacier. Given our rather broad range of dis-
tances across sites (ranging from 0.05 to 7.5 km, with
median=0.98 km), we expected to find progressive
enrichment across sites with greater distances down-
stream. For example, in the Relict Channel (Kohler
et al. 2018), the 8'°N signatures of orange mats rose
rapidly over a distance of ~ 1 km, and converged with
those of black mats at approximately 2 km down-
stream, and remained approximately consistent for
the remaining ~2.5 km. Yet, the point of this isotopic
shift in the Relict Channel coincided with a loss of
slope, channel widening, and an increase in biomass,
following the emergence of the stream from the Kukri
Hills. With this in mind, it seems that these isotopic
shifts can be punctuated (if they take place at all), and
likely stream-specific, being dependent upon glacier-
and black mat-derived N availability at a given tran-
sect, as well as the geomorphology and cumulative
upstream processes. Therefore, it may be difficult to
predict mat 8'°N signatures across diverse sites based
on the distance from the glacier alone.

Insights from the exploratory model

Our highly simplified steady-state model agrees with
prior interpretations (e.g., Kohler et al. 2018) of lon-
gitudinal mat isotopic patterns resulting from the
rapid removal of isotopically depleted glacier-derived
DIN and increasing reliance on N sourced from
autochthonous black mat N fixation. Our range of

exploratory simulations demonstrates that (provided
DIN uptake and release processes are tightly coupled)
there are many plausible combinations of source sig-
natures, concentrations, and biogeochemical dynam-
ics that can account for the observed relationships
between stream length and mat isotopic signatures
— but all demonstrate that in-stream N fixation facili-
tates mat biomass and reliance on this autochthonous
source of N increases with stream length. Moreover,
except for scenarios involving the most extremely
depleted glacial DIN sources, our models gener-
ally agree with the typical characterization of MDV
streams as DIN sinks (e.g., Gooseff et al. 2004; McK-
night et al. 2004; Dubnick et al. 2017) and highlight
that efficient net retention of N is maintained along
with substantial biotic spiraling and physical storage
within the HZ (Singley et al. 2021, 2023).

We acknowledge that our model results should
be interpreted carefully, and primarily qualitatively,
given known limitations of this simple formulation.
Namely, we do not account for the substantial diel
and seasonal variations in flow conditions charac-
teristic of MDYV streams that influence CPOM trans-
port or known temporal variations in nutrient supply
(Cullis et al. 2014; Wlostowski et al 2016). However,
we argue that our steady state formulation is likely
still valid given that mat 8'°N signatures probably
reflect a running average of available DIN composi-
tions, rather than singular moments of uptake. On the
other hand, our model does not account for flexible
N acquisition strategies of black mats suggested by
the new data presented here (e.g., Fig. 4i,1). There-
fore, longitudinal predictions of the fraction of DIN
derived from black mats might be more accurately
interpreted as the fraction supplied only by black
mats that have relied on N fixation. Our model also
does not differentiate immediate remineralization of
freshly mobilized autochthonous OM from remineral-
ization of stored OM in the HZ, the latter of which is
the largest pool of N in some MDYV streams (Singley
et al. 2021, 2023). Additionally, Nostoc is known to
be “leaky” and releases both DIN and DON (Glibert
and Bronk 1994; Mayland et al. 1966), particularly
when N fixation is elevated (Barr 1999). Given that
orange mats can presumably process and assimilate
organic N (Howard-Williams et al. 1989; Zoump-
lis et al. 2023), in-stream N fixation may also subsi-
dize downstream mats through pathways that do not
require remineralization of OM in the HZ.
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Despite these caveats, this simple exploratory
modeling exercise provides insights to guide future
studies of coupled N fixation and autochthonous OM
cycling in MDV streams. Principally, inferring cou-
pled N-OM spiraling parameters (i.e., uptake and
release coefficients) requires further characterization
of N source signatures and concentrations, not merely
longitudinal mat 8'>N patterns. Yet, doing so is fur-
ther complicated by the fact that N cycling can occur
in glacial melt as it is transported in supraglacial
streams in the MDV (Bergstrom et al. 2020), which
may impart greater variation in both N concentrations
and isotopic composition than is currently assumed
for this source.

Implications for the future

By utilizing simplified stream systems, we here
demonstrate the importance of N-fixation in meet-
ing nutrient demands across MDV streams. In this
region, recent increases in streamflow have accom-
panied increases in black mat biomass over the last
decades (in contrast to a decrease in black mat bio-
mass observed during a relatively cool period in the
1990’s; Kohler et al. 2015a; Gooseff et al. 2017). If
black mat N additions fuel in-stream biomass, this
may help explain why Nostoc was able to recover
from the effects of an anomalously high melt sea-
son in 2002 (i.e. the ‘flood year’) more rapidly than
orange mats, with black mats recovering almost
immediately, while orange mats experienced a 5-year
lag (Gooseft et al. 2017). Previously, black mats were
shown to be less responsive to historical flow condi-
tions than other mat types (i.e., orange and green),
which was assumed to be because of their marginal
position in the stream, which might reduce instances
of scour (Kohler et al. 2015a). However, given results
in Stanish (2011), Kohler et al. (2018), and Heindel
et al. (2021), all of whom found black mat biomass to
be disproportionately represented either in the HZ or
in CPOM, the opposite might actually be true: black
mats are probably more prone to being dislodged, and
may instead correlate poorly with hydrological vari-
ables because they face regular disturbance (i.e., daily
with the flood pulse), whereas other mat types are
more resistant to these regular fluctuations, and there-
fore more responsive to larger scale disruptions.
Future changes to dissolved N concentrations
brought forth due to changes in the abundance of
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black mats could also result in biomass and commu-
nity shifts, as shown previously with nutrient addi-
tions in N-limited Fryxell Basin streams (Kohler
et al. 2016). As a result, Nostoc may play a dispro-
portionate role in regulating the biomass, diversity,
and nutrient biogeochemistry of streams, as well as
potentially regulate the content of water that enters at
lake margins. Furthermore, given the sparse distribu-
tion of OM across the MDV landscape, the redistribu-
tion of biomass from ‘hotspots’ such as streams and
lake margins may be critical in fueling heterotrophic
processes in soils, as well as other habitat types such
as cryoconite (Barrett et al. 2007). Thus, N-fixation in
MDYV streams may have landscape implications that
transcends stream habitats.

Although representative of freshwater streams in
the desert oases around the coast of Antarctica, the
MDYV are a unique locality given their absence of ter-
restrial vegetation and anthropogenic N-inputs. While
the occurrence of Nostoc mats at stream margins is
also common in temperate regions, it is possible that
this combination of N-fixation and HZ exchange may
only be a dominant process in some oligotrophic set-
tings globally. Recent reviews have suggested that
N-limitation may be widespread among other glacier-
fed ecosystems (Ren et al. 2019; Elser et al. 2020) as
well as in some non-glacial streams across the arctic
(Myrstener et al. 2018), and increasing temperatures
have been shown to stimulate N-fixation rates (Wel-
ter et al. 2015). Thus, the importance of N-fixation to
these threatened habitat types may be underestimated
(not to mention other oligotrophic and/or high-P envi-
ronments globally), and is likely to evolve with ongo-
ing climate change.

Conclusions

This study provides one of the best examples to date
of the potential importance of N-fixation and the
cumulative effects of OM processing by illustrating
their influence on the 8'°N composition of stream
microbial mats at the landscape scale. Indeed, it is
possible that the role of N-fixation to streams else-
where has been underestimated given that mass-bal-
ance calculations may not reflect the true importance
of this flux given the cumulative nature of minerali-
zation and uptake processes. We therefore encour-
age future investigators to consider the importance



Biogeochemistry (2023) 166:247-268

265

and cumulative effects of N-fixation outside pristine,
N-limited sites, and especially across landscapes.
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