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Abstract: In many temperate streams, biological uptake of N acts to attenuate the transport of excess N from al-
lochthonous anthropogenic imports. Relatively few studies have determined how this N uptake relates to the magni-
tude of physical vs biological N storage in the stream corridor, especially for intermittent systemswhere allochthonous
N imports are often low andN transportmay only occur during brief periods of streamflow.Glacial meltwater streams
in theMcMurdo Dry Valleys of Antarctica provide an excellent setting to quantify autochthonousN-cycling and stor-
age processes supported by abundant algal mats and well-connected hyporheic zones. We combined historic point-
scale sediment and periphyton sample datasets with remote sensing-based modeling of periphyton coverage to esti-
mate how much N was stored in periphyton biomass and the hyporheic zone of a 5-km long McMurdo Dry Valley
stream corridor (>100,000m2).We contextualized these N storage calculations by estimating themagnitude of annual
N imports to and exports from the stream corridor based on >2 decades of streamflow and surface water data, source
glacier ice cores and meltwater data, and past studies of local aeolian deposition and biological N fixation rates. We
found that in this highly oligotrophic system, stream corridor-scale N storage was ∼1000� that of total annual N im-
port or export fluxes. More than 90% of this temporarily stored N was autochthonous organic matter in the shallow
(<10 cm) hyporheic zone, which acts as a reservoir that sustains N availability in the water column. Despite its location
in a polar desert devoid of higher-order vegetation, area-normalized N storage (∼40 g N/m2) was greater than that
reported for streams at lower latitudes (∼1–22 gN/m2).We also demonstrated thatNH4

1 sorption to stream sediment
may be an important physicochemical N storage mechanism that responds to short-term fluctuations in streamflow
and governs the mobility of inorganic N. Altogether, this research illustrates the importance of quantifying N storage
within stream corridorswhen evaluating the significance of internal cycling andphysical retention processes thatmod-
ulate N availability.
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Biogeochemical processes in small headwater streams reg-
ulate nutrient concentrations and exert a strong influence
onnutrient fluxes to downstream ecosystems (Peterson et al.
2001, Alexander et al. 2007). Much of the research on bio-
geochemical cycling within streams has focused on nutrient
retention, especially N sourced from the surrounding land-
scape (e.g., Boyer et al. 2002, Duncan et al. 2015, Drummond
et al. 2016).QuantificationofN retention in streamshas cen-
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tered on relationships between hydrologic connectivity and
biogeochemical reaction rates (Gomez-Velez et al. 2015,
Harvey et al. 2018) or a simplemass balance approachwherein
retention is a residual term between import and output
fluxes (Burns 1998, Seitzinger et al. 2006).Most studies have
characterized reach-scale rates of N uptake based on re-
moval of N added in excess of ambient conditions over very
short durations. These flux- or transport-centric approaches
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have not sufficiently documented the extent of N storage
within stream corridors, especially intermittent streams and
oligotrophic environments with low allochthonousN imports.

In terrestrial biogeochemistry, the importance of partic-
ular N cycling processes is frequently contextualized by
comparing the relative sizes of coupled pools and fluxes
(Vitousek and Reiners 1975, Aber et al. 1989, 1998, Lovett
andGoodale 2011), whereas only a few studies of stream cor-
ridors simultaneously quantify N storage pools and short-
term uptake and release rates (Schmadel et al. 2021). This
oversight has the potential to obscure important patterns
in N cycling and storage among stream corridor systems.
For example, a synthesis of 17 trace-level stable isotope N
additions spanning the globe found that fine benthic organic
matter (OM) accounted for the dominant fraction of N stor-
age across all systems, whereas assimilatory uptake rates and
the contribution from autotrophic and heterotrophic pri-
mary uptake compartments varied widely (Tank et al. 2018).
Area-normalized storage among these systems ranged from
1 to 10 g/m2.

A few other studies have also directly quantified N stor-
age under ambient conditions without tracers. Such work
demonstrated that in temperate forested systems, >90% of
N storagewas in the formof allochthonous detritus (Naiman
and Melillo 1984, Triska et al. 1984). In contrast, Grimm
(1987) found that >90% of N storage in a desert stream
was in autochthonous detritus, although area-normalized
N storage was lower than in forested systems (3–9 g/m2

compared with 12–22 g/m2). Altogether, these studies dem-
onstrate that the form, magnitude, and temporal stability of
N storage depends heavily on ecosystem characteristics, in-
cluding OM sourcing, hydrologic variability, canopy cover,
and net metabolic status.

Quantifying the storage of N across stream corridors
is further complicated by the fact that N storage occurs
through both biological and physical mechanisms (Naiman
andMelillo 1984, Triska et al. 1984, Grimm 1987). In nutri-
ent uptake experiments within the stream benthos, O’Brien
et al. (2012) found that biotic assimilation of N into periph-
yton biomass was more important than denitrification for
removing N. Most studies of N retention via biological up-
take characterize spatial and temporal variations in small-
scale area-normalized periphyton biomass (i.e., mg chloro-
phyll a [Chl a]/cm2) in response to environmental conditions
or nutrient availability (e.g., Horner and Welch 1981, Stelzer
and Lamberti 2001, von Schiller et al. 2007, Koch et al.
2018). Focus on area-normalized biomass has ensured com-
parability of results at small scales among systems and al-
lowed for cross-system synthesis (e.g., Dodds et al. 2002),
but apart from the few whole-stream N-budget studies
(e.g., Triska et al. 1984), biomass, or the N contained therein,
is not scaled along entire reaches. Such scaling is hampered
by the inherent patchiness of periphyton, often due to phys-
ical disturbance (i.e., scouring with flood pulses) or grazing
processes (Hillebrand 2008, Luce et al. 2010). Yet, scaling
N and algal biomass pools across an entire reach would per-
mit benchmarking of stored Nmass against total seasonal or
annual N fluxes.

Apart from algal biomass in the stream, N can be tran-
siently stored by physical processes in the hyporheic zone,
such as by sorption to sediment (Triska et al. 1994), entrain-
ment of particulate OM (POM) (Triska et al. 1984, Heindel
et al. 2021a), and storage in dissolved formwithin interstitial
waters (Grimm 1987, Bernhardt et al. 2005). As with total N
storage, the relative magnitude and stability of these storage
mechanisms at the reach scale is understudied but likely
varies because of climate and flow regime. For example, it
is known that NH4

1 sorption can compete with biotic up-
take (Triska et al. 1994) in temperate systems, but the con-
ditions under which NH4

1 sorption is reversible and the
size of the adsorbed pool remain difficult to quantify inmost
streams. This knowledge gap is particularly relevant to in-
termittent streams that experience rapidly changing ionic
concentrations and specific conductivities (Datry et al. 2017),
which could theoretically alter cation exchange dynamics
governing NH4

1 sorption. The hyporheic zone can also en-
train POM, which contains N. However, this mechanism
for N storage is also transient because of mineralization
and remobilization processes (Bernhardt et al. 2005, Bur-
rows et al. 2017) that varywidely as a function of the climatic
characteristics—especially temperature and annual precipi-
tation—of intermittent stream systems (Shumilova et al.
2019). Lastly, N storage as dissolved solutes in the stream
corridor, mainly in interstitial waters of hyporheic and ri-
parian areas, is potentially even more transient because of
relatively rapid turnover resulting from hydrologic exchange
flows. In intermittent streams, much longer residence times
result from diminished surface flow such that transient stor-
age in the hyporheic zone may actually occur over longer
timescales and with greater variations in space (Gómez et al.
2009). Therefore, the importance of particular N retention
mechanisms may differ between perennial and intermittent
streams.

Proglacial intermittent streams of the McMurdo Dry
Valleys (MDVs) in Antarctica are often invoked as an ideal
natural setting to investigate coupled physical and biolog-
ical stream corridor processes (McKnight et al. 2015). Even
in a cold and hyper-arid environment that is devoid of high-
order plants and allochthonous OM imports, benthic algal
mats cover extensive portions of streambeds (McKnight
et al. 1998, 1999). Thesemats are dominated by cyanobacteria
and are perennial, persisting in a freeze-dried state through
the winter (McKnight et al. 1999). Along with heterotrophic
microbes in the hyporheic and parafluvial zones, these mats
contribute to biogeochemical cycling of N (Koch et al. 2010,
Kohler et al. 2018, Singley et al. 2021b), including relatively
rapid N removal from surface water (Gooseff et al. 2004b,
McKnight et al. 2004) and N fixation (Howard-Williams
et al. 1989, McKnight et al. 2007). The hyporheic zones of
MDV streams contain elevated concentrations of dissolved
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and adsorbedN (Heindel et al. 2021a, Singley et al. 2021b) and
autochthonous OM in various states of decomposition
(Heindel et al. 2021a). A prior study of the stable isotopic
composition of mat biomass indicated that N fixed within
the stream corridor supplants N imports from glacialmeltwa-
ter as the primary N source with increasing distance down-
stream (Kohler et al. 2018). Despite these insights and their
relative simplicity, N budgets forMDV streams remain poorly
constrained, particularly themagnitude andmechanisms gov-
erning N storage relative to annual fluxes.

Our study objective was to improve understanding of N
import, export, and storage dynamics in intermittent systems
with low allochthonous inputs using the MDVs as an exam-
ple. Specifically, we sought to better quantify stream corridor
N storage and fluxes in this system by addressing 3 ques-
tions: 1) How large are annual N fluxes into and from an
MDV stream corridor? 2)What are the quantities of N stored
within stream corridor biomass and the hyporheic zone? and
3) IsNH4

1 stored by sorption to sediment potentially released
in response to short-term changes in conductivity?
METHODS
To address our research questions, we took advantage of

multiple field, laboratory, and remote sensing techniques.
We combined data from historic point-scale sampling of
water, sediment, and biomass along with remote sensing
analyses and uncertainty propagation to uniquely charac-
terizeN storage over an entire stream corridor and compare
these results with other stream ecosystems. We also con-
ducted a laboratory assay to assess the stability of NH4

1

sorption as an N storage mechanism—which has been pre-
viously overlooked—in light of observed short-term changes
in streamwater conductivity. By synthesizing historic point-
scale observations, remote sensing of algal mat abundance,
and a laboratory assay, we differentiated the contributions of
physical versus biological processes to N storage and annual
fluxes and highlighted the importance of transientN storage
in maintaining N availability at much larger scales than are
typically considered.

We estimated N import and export fluxes and N storage
for the VonGuerard Stream corridor bymining historicfield
and laboratory data from theMcMurdo Long-Term Ecolog-
ical Research project. We scaled site-specific data over areal
and volumetric footprints representing the whole Von Gue-
rard Stream corridor. Table 1 defines each parameter used in
the calculations presented below and includes the references
for publications or datasets from which values were ob-
tained.We present variables and formulas belowwith generic
dimensions (i.e., mass, length, or time) identified in square
brackets.Wehave omitted unit conversions from the formu-
las for clarity in the text, but they are included in the accom-
panying code. For these calculations, we also used Monte
Carlo simulations to propagate uncertainty from observa-
tional data. To do so, we fit distributions for each parameter
to previously published datasets, forwhich individual sample
data are available, with fitdistrplus (version 1.1-6; Delignette-
Muller and Dutang 2015) in R (version 4.1.1; R Project for
Statistical Computing, Vienna, Austria). The type of distri-
bution that was fit to each dataset is noted in Table 1. When
full datasets were not available, we drew parameter values
from normal distributions described by summary statistics
(i.e., mean and SD) reported in the literature. For each flux
and N pool calculation, we randomly sampled 10,000 values
for each variable and repeated the calculation based on these
parameterizations. The R code and preformatted datafiles to
reproduce all of these estimates, including the distribution
fitting and sampling for Monte Carlo simulations as well as
unit conversions, are publicly available on Zenodo (https://
doi.org/10.5281/zenodo.6049121).
Study site
We focused our analysis on Von Guerard Stream, a 5-km

long stream that runs north from its source glacier in the
Kukri Hills to Lake Fryxell in Taylor Valley, Antarctica (Fig. 1).
Von Guerard Stream has been gauged and sampled for both
algal biomass and surface water chemistry by the McMurdo
Long-Term Ecological Research project each austral sum-
mer since 1994. Channel morphology, streambed composi-
tion, and algal mat coverage vary along VonGuerard Stream
(Alger 1997,Wlostowski et al. 2016), making it a usefulmodel
for the diversity of stream characteristics present in the
MDVs. Streamflow in Von Guerard Stream occurs for just a
few weeks to months each year (mean of 4.7 wk) and is char-
acterized by large diel pulsing events and periods of intermit-
tency (Wlostowski et al. 2016). The stream corridor is largely
hydrologically disconnected from adjacent hillslopes because
of the hyper-arid climate (Gooseff et al. 2016), with mean an-
nual air temperature of –187C (Doran et al. 2002) and mean
annual precipitation of <100 mm water equivalent (Fountain
et al. 2010). Continuous permafrost prevents groundwater ex-
change beyond the seasonally thawed active layer (Conovitz
et al. 2006, Bockheim et al. 2007), thereby further constrain-
ing hydrologic connectivity (Gooseff et al. 2011). Although
there is evidence of a deep groundwater system beneath the
permafrost layer (Mikucki et al. 2015), there is currently
no evidence that substantial exchange occurs between this
system and Von Guerard Stream.

Despite these limitations on hydrologic connectivity in
this system, N is imported into and exported out of the
stream corridor by a variety of physical and biological pro-
cesses. N imports to the stream corridor generally occur
via meltwater mobilization of N deposited on glaciers and
directly into the stream corridor (Witherow et al. 2006,
Deuerling et al. 2014). Further N additions occur via in-
channel N fixation by Nostoc-dominated black algal mats,
which occur at the streammargins alongwith sparsemosses
(Howard-Williams et al. 1989, McKnight et al. 2007, Kohler
et al. 2018). Extensive Phormidium-dominated orange algal

https://doi.org/10.5281/zenodo.6049121
https://doi.org/10.5281/zenodo.6049121


Table 1. Literature-derived values used to estimate N fluxes and pools (Eqs 1–9). Parameters are listed in the order that they first
appear in the manuscript. AFDM 5 ash-free dry mass, Chl a 5 chlorophyll a, DIN 5 dissolved inorganic N, DON 5 dissolved
organic N, POM 5 particulate organic matter, PON 5 particulate organic N.

Symbol Description
Value or

distribution typea Units Sample count Sourceb

Qtotal Total seasonal stream discharge Varies by season L – Gooseff and
McKnight 2019

DINgl DIN concentration in glacial ice
and supraglacial meltwater

Gamma lg N/L 875 ice Bergstrom and
Gooseff 2021a

287 melt Bergstrom and
Gooseff 2021b

DINsw DIN concentration in stream water
from lower reaches

21.2 ± 22.5 lg N/L 74 Gooseff and Lyons
2022

DONgl DON concentration in glacial ice melt 92.5 lg N/L 2 Howard-Williams
et al. 1989

DONsw DON concentration in stream water
from lower reaches

34.0 ± 19.0 lg N/L 15 Singley et al. 2021b

PONgl PON concentration in glacial ice melt 0 mg N/L 2 Howard-Williams
et al. 1989

POMsw POM concentration in stream water
from lower reaches

Min 5 1 � 1024 mg/L 35 Cullis et al. 2014

Max5 2.59� 1022

CNPOM C∶N of POM in stream water from
lower reaches

9.51 ± 1.92 – 13 Kohler 2018

q N-fixation rate of Nostoc mats 8.11 ± 5.45 mg N m22 d21 16 McKnight
et al. 2007

Dseason Flow season duration 49.8 ± 15.3 d 22 Gooseff and
McKnight 2019

Ablk Total areal coverage by Nostoc mats 4000 m2 – McKnight
et al. 1998

f Inorganic N deposition rate for Lake
Fryxell

2.68 lg N m22 y21 – Deuerling
et al. 2014

AVG Von Guerard Stream corridor area 134,112.5 m2 –

l1 Upper reach length 1000 m – McKnight
et al. 1998

l2 Middle reach length 3500 m – McKnight
et al. 1998

l3 Lower reach length 500 m – McKnight
et al. 1998

wblk,1 Nostoc mat width in upper reach 0 m – McKnight
et al. 1998

wblk,2 Nostoc mat width in middle reach 1 m – McKnight
et al. 1998

wblk,3 Nostoc mat width in lower reach 1 m – McKnight
et al. 1998

wor,1 Phormidium mat width in upper reach 0.5 m – McKnight
et al. 1998

wor,2 Phormidium mat width in middle reach 3 m – McKnight
et al. 1998

wor,3 Phormidium mat width in lower reach 0.5 m – McKnight
et al. 1998

Chlblk,1 Chl a content of Nostoc mats in upper
reach

0 lg Chl a/cm2 – McKnight
et al. 1998

Chlblk,2 Chl a content of Nostoc mats in middle
reach

31 lg Chl a/cm2 – McKnight
et al. 1998
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mats form broad cohesive films across many reaches but are
not thought to be capable of N-fixation (McKnight et al.
2007, Kohler et al. 2018). Both black and orange algal mats
are perennial, and even extreme high flows, such as occurred
in January 2002 (Fig. S1), generally only decrease mat bio-
mass by 2 to 3� (Cullis et al. 2014, Kohler et al. 2015). N
can be exported as dissolved inorganic N (DIN), dissolved
organic N (DON), and particulate organic N (PON) at the
outlet into Lake Fryxell. Although denitrification has been
observed inMDV streams during nutrient addition experiments
Table 1. (Continued)

Symbol Description
Value or

distribution typea Units Sample count Sourceb

Chlblk,3 Chl a content of Nostoc mats in
lower reach

9 lg Chl a/cm2 – McKnight
et al. 1998

Chlor,1 Chl a content of Phormidium mats
in upper reach

4.7 lg Chl a/cm2 – McKnight
et al. 1998

Chlor,2 Chl a content of Phormidium mats
in middle reach

12 lg Chl a/cm2 – McKnight
et al. 1998

Chlor,3 Chl a content of Phormidium mats
in lower reach

31 lg Chl a/cm2 – McKnight
et al. 1998

γblk AFDM:Chl a of Nostoc mats Gamma mg AFDM/lg
Chl a

130 McKnight 2019

γor AFDM:Chl a of Phormidium mats Gamma mg AFDM/lg
Chl a

141 McKnight 2019

CNblk C∶N of Nostoc mats 9.1 ± 0.8 – 32 Kohler 2018

CNor C∶N of Phormidium mats 10.5 ± 1.54 – 32 Kohler 2018

Ap Pixel area from WorldView-3 imagery 1.95 m2 – –

τblk Spatial coverage by Nostoc mats Varies by pixel % – –

τor Spatial coverage by Phormidium mats Varies by pixel % – –

bblk Areal AFDM content of Nostoc mats Gamma AFDM/m2 130 McKnight 2019

bor Areal AFDM content of Phormidium
mats

Exponential AFDM/m2 141 McKnight 2019

l Total stream length 5000 m – –

whz Saturated hyporheic zone width 6 m – –

d Hyporheic zone depth of seasonally
thawed active layer

0.5 m Conovitz
et al. 2006

U Hyporheic sediment porosity 0.34 ± 15.3 – 18 Heindel
et al. 2021b

Cnitr NO3-N concentration of interstitial
hyporheic water

78.6 ± 0.66 lg N/L 255 Singley
et al. 2021b

wwet Wetted corridor width 9.54 ± 5.45 m 9 Heindel
et al. 2021b

r Hyporheic sediment bulk density 1749 ± 269.2 kg/m3 18 Heindel
et al. 2021b

Camm Adsorbed NH4-N concentration for
hyporheic sediment

0.679 ± 0.655 mg N/kg dry
sediment

45 Heindel
et al. 2021b

dshallow Shallow hyporheic depth based on
sediment sample collection

0.1 m – Heindel
et al. 2021b

LOI Hyporheic organic matter content
as AFDM

6.24 ± 1.34 g AFDM/kg dry
sediment

45 Heindel
et al. 2021b
a Values are provided where only a single value could be derived from the literature or where a normal distribution with the indicated mean ±SD were
used. In all other instances the distribution type that was fitted to the raw data is identified.

b Values derived or assumed by this study do not have a source listed.
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(Gooseff et al. 2004b), little is known about its contribution
to N losses from the stream under ambient conditions.

Estimation of stream corridor N fluxes
We estimated seasonal dissolved and particulate N im-

port and export fluxes based on 15-min discharge data
(Gooseff and McKnight 2019) and concentration observa-
tions (1994–2019) from the gauge at the outlet of Von Gue-
rard Stream into Lake Fryxell (Fig. 1). Because of highly dy-
namic and intermittent flow conditions (Fig. S1) as well as
logistical constraints with polar fieldwork, stream water
samples have historically been collected opportunistically
(often once to twice weekly) during the streamflow season.
For each season, we used the pracma package (version 2.3.3;
Borchers 2021) in R to calculate total annual flow (Qtotal [vol-
ume]) as the cumulative trapezoidal integration over the
gap-filled discharge time series.We assumed nomajor gains
or losses in discharge along the stream corridor such that we
used the sameQtotal values to calculate the fluxes at the head
and outlet. For N imports, we used concentration data from
MDV ice cores and supraglacial streams (Howard-Williams
et al. 1989, Bergstrom and Gooseff 2021a, b), and we based
export fluxes on observations of surface water in Von Gue-
rard Stream (Singley et al. 2021a, Gooseff and Lyons 2022).
The flux (F [mass]) for each dissolved and particulate con-
stituent in a given flow season was calculated as:

F 5 CQtotal, (Eq. 1)

where C is concentration [mass/length3]. We repeated this
calculation for each flow season (1995–2018) for both DIN
and DON concentrations to ensure that the effects of highly
variable seasonal discharge were reflected in our flux esti-
mates. For imports from glacial sources, we calculated DIN
concentrations as the sum of NH4

1 and NO3
2 (combined

analysis for NO3
2 1 NO2

2). Individual concentrations that
were below the detection limits were treated as zeros in the
DIN sum. For glacier ice, 58.6 and 18.7% of samples were be-
low detection for NO3

2 and NH4
1, respectively. For supra-

glacial stream water, 0.3 and 20.6% of samples were below
detection for NO3

2 and NH4
1, respectively. Detection lim-

its varied within these datasets and over time, but all were
≤0.02 mg/L for NO3

2 and ≤0.005 mg/L for NH4
1.

Similarly, we used DIN concentration data from historic
grab samples collected in the lower reaches of Von Guerard
Stream (1995–2018; Gooseff and Lyons 2022) to calculate
export fluxes. For each grab sample, we calculated the DIN
concentration as the sum of NO3

2, NH4
1, and NO2

2. Indi-
vidual concentrations thatwere below their respective detec-
tion limits (37.6 and 54.8% of all samples for NH4

1 and
NO2

2, respectively) were again treated as zeros in the DIN
sum. For the Monte Carlo simulations, we propagated un-
certainty in these fluxes because of the variations in observed
concentration data except for the DON import flux from the
glacier, for which only a single value was available (Howard-
Williams et al. 1989).

To our knowledge, only 1 prior study analyzed PON in
MDV glacial ice melt, but no PON was detected (Howard-
Williams et al. 1989). Consequently, we assume that the PON
flux into Von Guerard Stream from its source glacier is neg-
ligible (∼0 kgN/y). AlongVonGuerard Stream, POM,which
contains N, is mobilized in a hysteretic pattern from algal
mats with each meltwater pulse (Cullis et al. 2014). Both
POM concentrations and total fluxes differ among individ-
ual flood pulses as a function of the time since a resetting flood
event and the regrowth of potentially mobile benthic bio-
mass. Currently, there is insufficient information to ade-
quately model these time-varying biomass pool dynamics
and to generate continuous estimates of POM concentra-
tions (CPOM [mass/length3]), especially for multiple seasons.
Thus, for tractability, we calculated the absolute boundaries
of seasonal PON export fluxes (FPON [mass]) as:
Figure 1. Von Guerard Stream in Taylor Valley, Antarctica
(location marked with a star in the inset map), with stream corri-
dor buffer (blue) used for remote sensing analysis and total area
calculations. The image used for analysis covered the entire ex-
tent of this figure and the stream corridor. For reference, the ex-
tent of Fig. 3 is denoted by the yellow box. Historic sample loca-
tions from within the Von Guerard corridor are denoted, and
samples from other locations (i.e., glacial ice, supraglacial melt-
water, etc.) are available in the metadata for the referenced
publications or datasets.
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FPON 5
CPOMQtotal

CNPOM
: (Eq. 2)

We used the observed C∶N ratio of POM (CNPOM [mass:
mass]) to obtain just the PON flux. For each season, we re-
peated this calculation with both the minimum and maxi-
mum CPOM observations reported by Cullis et al. (2014).
The resulting estimates do not account for the complex in-
teractions between biomass regrowth and POM mobiliza-
tion but rather represent conservative estimates for the
range of FPON. We propagated uncertainty for CNPOM via
the Monte Carlo simulations.

We calculated the annual biological N fixation flux (Ffix
[mass]) for the stream corridor by scaling areal N fixation
rates (q [mass length22 time21]) over the approximate black
mat area (Ablk [length

2]; McKnight et al. 1998) and stream
season flow duration (Dseason [time]) as:

Ffix 5 qAblkDseason: (Eq. 3)

We calculatedDseason from 1995 to 2018 as the elapsed time
in days between the 1st and final gauged flows. We held the
Nostoc area constant and used Monte Carlo simulations to
propagate uncertainty for q and D.

Lastly, we estimated total annual atmospheric deposition
of inorganic N (Fdep [mass/time]) directly into the stream
corridor. To do so, we scaled annual deposition rates esti-
mated from Lake Fryxell (f [mass length22 time21]; Deuer-
ling et al. 2014) over the entire VonGuerard Stream corridor
(AVG [length2]).

Fdep 5 fAVG: (Eq. 4)

Estimation of stream corridor N pools
To quantify the relative importance of different storage

mechanisms, we estimated total N in periphyton biomass,
shallow (<10 cm) hyporheic OM, NH4

1 adsorbed to
hyporheic sediment, and dissolvedNO3

2 in hyporheic water
along the entire stream corridor. For all N pool estimates, we
again propagated uncertainty by using Monte Carlo simula-
tions based on fitting distributions to the field data or sum-
mary statistics. Individual parameter definitions and sources
appear in Table 1.
N storage in periphyton biomass We estimated the total
mass of N stored in benthic algal mat biomass in 2 different
ways—1 that assumes spatially homogenous mat abun-
dances and 1 that quantifies spatial heterogeneity. First, we
estimated N in algal biomass (Nbio [mass]) in each mat type
(black and orange) over 3 reaches (r) of various lengths (lr
[length]) andmat widths (w [length]) representing the entire
length of Von Guerard Stream using a simple scaling calcu-
lation that does not account for spatial heterogeneity based
on McKnight et al. (1998) as:
Nbio 5o3
r51

lrwblk,rchlblk,rγblk
CNblk

1
lrwor,rchlor,rγor

CNor

� �
, (Eq. 5)

where chlblk,r and chlor,r are type- and reach-specific Chl a
content [mass/length2], γblk,r and γor,r are type- and reach-
specific ash-free dry mass (AFDM) to chlorophyll ratios
[mass:mass], and CNblk and CNor are C∶N ratios [mass:
mass] for each mat type. Here, we propagated uncertainty
for each chl, γ, and CN parameter.

We also estimated spatial coverage of algal mats and N
content based on analysis of multispectral satellite imagery
and an MDV-specific spectral unmixing model (Salvatore
et al. 2020), which allowed us to account for spatial hetero-
geneity of biomass that is not included in the simple scaling
method described above. We based our analysis on data
from a WorldView-3 (DigitalGlobe, now Maxar Technolo-
gies, Westminster, Colorado) image acquired on 26 January
2019 (catalog ID: 10400100485D6900). This image was ac-
quired toward the end of the austral summer at a time with
relatively little snow cover across most of the landscape and
no streamflow for the entire 24 h preceding acquisition.Given
the perennial nature of these mats, a single image toward the
end of the summer is expected to be representative for typical
flow seasons. As per Salvatore et al. (2020), we leveraged the
unique spectral reflectance signatures of black and orange al-
gal mats, moss, bare soil, and water tomodel the relative areal
abundance of these surface endmembers in each pixel of a
multispectral satellite image. We used a nonnegative spectral
unmixingmodel that linearly combines a suite of endmember
spectra to produce the best mathematical fit between the in-
put spectrum and the model output. Salvatore et al. (2020)
demonstrated that surface endmembers from the vicinity of
Lake Fryxell are optically opaque and, therefore, can be appro-
priately modeled as a linear combination of their areal abun-
dances (Salvatore et al. 2020). The root-mean-square error
(RMSE) represents the goodness of fit between the observed
andmodeled spectra.We calculated RMSE for everymodeled
pixel, averaging 1.6%with an SDof 2.4% and amedian of 1.2%.
Less than 0.5% of all modeled pixels exhibited an RMSE of
>10%.

From the individual mat coverage estimates by type and
pixel, we then calculated N content of all algal biomass
(Nbio*) in the stream corridor as:

Nbio* 5 onp
i

τblk,ibblk,iAp

CNblk

� �
1

τor,ibor,iAp

CNor

� �
: (Eq. 6)

Here, we sum the N content of each mat type for each pixel
(i) across the 68,767 pixels (np) within a 134,100-m2 region
that encompasses an ∼10-m wide buffer to either side of
the thalweg ofVonGuerard Stream (Fig. 1). Thiswidth is ap-
proximately double the distance between the visible wetted
margins for Von Guerard Stream reported by Heindel
et al. (2021b) at low flows (<0.5 L/s). We converted % cover-
age (τ) for each pixel by mat type to AFDM based on areal
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biomass (b [mass/length2]) from field samples for Von
Guerard Stream and average pixel area (Ap [length

2]). Lastly,
we used the same C∶N ratios noted above to convert AFDM
to N content. In this estimation, we propagated uncertainty
for b and CN by mat type.

N storage in the hyporheic zone Following Singley et al.
(2021b), we estimated the mean N pool contained in dis-
solvedNO3

2 in interstitial hyporheic waters of VonGuerard
Stream from an extensive set of samples (n 5 255; Singley
et al. 2021a) as:

Nnitr 5 lwhzdFCnitr: (Eq. 7)

Here, we scaled dissolvedNO3
2 concentrations (Cnitr [mass/

length3]) over the entire pore space within a volume defined
by the saturated sediment width (whz [length]), stream
length (l [length]), active layer depth (d [length]), and
hyporheic sediment porosity (F [-]). We limited this analy-
sis to NO3

2 (as NO3
2 1 NO2

2) because NH4
1 concentra-

tions were often much lower than NO3
2 (Singley et al.

2021b) or below detection (64.9% of 255 samples; Singley
et al. 2021a). We used normal distributions fitted to each
dataset for uncertainty propagation for F and Cnitr.

Hyporheic sediments of Von Guerard Stream also con-
tain OM (both heterotrophic bacteria and POM from algal
mats) as well as NH4

1 adsorbed to sediment (Heindel et al.
2021a). We scaled up mean hyporheic OM content from
measured loss on ignition (LOI; AFDM/g dry soil) and sed-
imentmass-normalized concentration of NH4

1 (Camm [mass:
mass]) across the estimatedmass of sediment in their respec-
tive volumes based on observed sediment bulk density (r
[mass/length3]). We calculated the total N mass in each of
these pools as:

Nadsorbed 5 lwwetdrCamm, (Eq. 8)

Nhyp,OM 5
lwwetdshallowrLOI

CNblk
: (Eq. 9)

For Nadsorbed we set d to 0.5 m, just as for the dissolved
NO3

2 pool calculation. For Nhyp,om we limited the analy-
sis to a shallow depth (dshallow) of only 0.1 m, given the sam-
ple collection protocol used by Heindel et al. (2021b). Be-
cause most POM entrained in the hyporheic zone can be
traced to black mats (Heindel et al. 2021a), we used the CNblk

data to convertAFDMtoNin theNhyp,OMcalculation. For these
estimations, we propagated uncertainty in the Monte Carlo
simulations byfitting anddrawing values fromnormal distri-
butions based on the data for wwet, r, Camm, LOI, and CNblk.
Assay on desorption of NH4
1 from stream sediment

We performed a laboratory assay on sediment samples
collected from the lower reaches of Von Guerard Stream
(Fig. 1) to assess the availability of NH4

1 adsorbed to stream
sediment as a potential source for internal DIN fluxes due to
variations in stream water chemistry. Specifically, we con-
ducted an assay to determine whether NH4

1 desorbed over
the range of conductivities observed in Von Guerard Stream
from 1995 to 2015 (Fig. 2A).

We collected sediment samples from the top 10 cm of
the streambed at 5 locations along a transect spanning be-
tween the wetted margins of the stream corridor. Sub-
samples from this sediment were previously analyzed for
OM content through LOI in a muffle furnace and total ex-
tractable NH4

1 by 2M KCl extraction. A full description of
sediment sample collection, storage, and analytical meth-
ods is provided by Heindel et al. (2021a, b). For this study,
we thawed sediment samples at 47C and weighed 15 sub-
samples (∼20 g of sediment each) for 5 lateral locations from
the P2 transect (total subsample n 5 75; see Heindel et al.
2021b) into 250-mL high density polyethylene bottles. We
prepared treatment solutions containing KCl and deionized
water to achieve specific conductivity (SC) values that re-
flect the range of diel to seasonal fluctuations of SC ob-
served in Von Guerard Stream (Fig. 2B). Based onmeasure-
ments with a temperature-corrected benchtop conductivity
probe, the treatment solution SC values were 0.06 (deion-
ized water only), 40.7, 77.1, 155.9, and 317.7 lS/cm.

For this assay, we exposed sediment to each of the treat-
ment solutions to observe changes in ion concentrations due
to reversible adsorption. In particular, we mixed 3 of the
subsamples from each of the 5 locations with each treatment
solution at a 2∶5 ratio of sediment to solution by mass. We
immediately placed the resulting sediment slurries (n 5
15) and solution blank for each treatment on a rotary shaker
table at 300 rpm for 1 h, then centrifuged them at 3000 rpm
for 5 min and filtered them via GF/F filters (Whatman,
Maidstone, United Kingdom). We stored the filtrate frozen
(–207C) until analysis. We analyzed NH4

1 concentrations
with a Lachat Quickchem Flow Injection Analysis System
(Hach®, Loveland, Colorado) according to standard proto-
col 4500-NH3 H (phenolate flow injection analysis; SMC
APHA 2018a), with a minimum detection limit of 5 lg NH4-
N/L. We analyzed NO3

2 as the sum of NO3
2 and NO2

2 by
standard method 4500-NO3 I (cadmium reduction flow in-
jection; SMC APHA 2018b) with a detection limit of 4 lg
NO3–N/L.We calculated sample-specific sediment dry masses
based on gravimetric moisture content for each transect re-
ported by Heindel et al. (2021a).We then normalized the fil-
trateN concentrations to sediment drymass for each sample
to enable comparisons. We measured incubation solution
concentrations of K1 andCl2 by atomic absorption spectro-
photometry with detection limits of 4 and 30 lg/L, respectively.

We visualized these data to qualitatively examine rela-
tionships between solution SC and the net mass of DIN re-
leased/mass dry sediment and the percentage of total ex-
tractable NH4

1 for each site. We also compared changes in
concentrations of K1 and Cl2 to determine whether cation
exchange was a likely explanation for any observed release
of NH4

1. We did not complete correlation or regression
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analysis because of several constraints associated with con-
ducting this assay on sediment from this study system. Spe-
cifically, we did not utilize a kill treatment to limit biological
activity because preliminary trials found that 1% formalin so-
lutions may have substantially altered cation exchange
through changes to solution pH. Similarly, buffered formalin
contains ion concentrations that exceeded the low conduc-
tivities needed to replicate MDV stream water observations,
so a formalin kill was not suitable for this assay. We also did
not autoclave sediment because a prior study reported po-
tential releases of N and P during such treatment of MDV
sediments (Bergstrom et al. 2020). Consequently, the results
from this assay reflect only the potential for NH4

1 to desorb
from stream sediment in response to changing stream water
conductivities, not in situ dynamics or kinetics.
RESULTS
Seasonal N fluxes to and from the Von Guerard
Stream corridor

We calculated annual fluxes of N to and from Von
Guerard Stream while accounting for both variation in total
annual streamflow and the distribution of N concentrations
observed in glacial ice, supraglacial meltwater, and stream-
flow. Here we report the median followed by the inter-
quartile range (1st–3rd quartiles) in parentheses. We do not
report means or the SD because multiple pool estimates
have highly skewed non-normal distributions resulting from
the underlying distributions of field measurements. The code
published on Zenodo (mentioned in Methods) to reproduce
our analysis does provide these values.

On an annual basis, the importfluxes from the source gla-
cier meltwater totaled 4.0 kg N/y (1.3–13.7). This total flux
was composed of 1.1 kg N/y (0.3–4.3) as DIN, 2.9 kg N/y
(0.9–9.3) as DON, and negligible PON imports. We esti-
mated that N fixation by Nostoc in the stream corridor adds
a further 1.5 kg N/y (0.8–2.4), and direct atmospheric depo-
sition of inorganic N is very small (<<0.01 kg N/y). Com-
bined, these fluxes amount to total imports of 5.4 kg N/y
(2.0–16.0), which, normalized over the entire stream corri-
dor, is equivalent to a gross import of 40.8 mg N m22 y21

(15.0–119.5). We again emphasize that because of limited
hydrologic connectivity of MDV streams, these imports oc-
cur only through glacial meltwater inflows at the stream
head, aerial deposition, and biological N fixation, not lateral
or groundwater inflows along the stream.

We estimated that 1.2 kg N/y (0.3–5.5) is exported from
the stream corridor in particulate and dissolved form an-
nually. Specifically, we estimated that N fluxes as DIN from
Von Guerard Stream into Lake Fryxell totaled 0.3 kg N/y
(0.1–1.8). DON export was slightly larger at 0.8 kg N/y (0.2–
3.4). Based on maximum observed concentrations across all
flow conditions, N export as PON was ≤0.1 kg N/y (0.02–
0.3). Notably, cumulative annual streamflow volume varied
widely (719.5–2.76� 108 L) and with no identified directional
relationship between DIN or DON concentrations and
Figure 2. Illustrative discharge and specific conductivity (SC) variability from the 2012 flow season in Von Guerard Stream, Ant-
arctica (A). Historic (1995–2015) SC distribution for high-frequency surface water observations with laboratory assay treatment solu-
tion values shown as dashed vertical lines (B).
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discharge (i.e., diluting or enriching). N flux estimates into
Lake Fryxell are primarily governed by variations in Qtotal

from 1 season to the next. We estimated that only ∼17% of
N imports are likely exported from the Von Guerard Stream
corridor on an annual basis, although we could not account
for losses via denitrification. Scaled to stream corridor area,
exports amount to a gross N release of 9.1 mg N m22 y21

(2.4–41.0), resulting in a probable net accumulation in stor-
age of 31.7mgNm22 y21 (0.8–78.5). Although the ranges in
magnitude of possible imports and exports do overlap, sug-
gesting that there may be seasonally distinct shifts in the net
direction of N storage, a tendency toward net accumulation
in most years would be consistent with generating the large
N storage pools we observed.

Estimates of periphyton biomass coverage
by remote sensing

Estimates of algal biomass and N stored therein were re-
markably comparable between simplified conceptual esti-
mates (sensuMcKnight et al. 1998) and those based on spec-
tral analysis of satellite imagery (27% difference on the
medians). Specifically, median (quartiles 1–3) N storage in
biomass based on the simplified conceptual estimate (sensu
McKnight et al. 1998) was 196.6 kg N (86.4–389.1), whereas
our remote sensing method estimated biomass storage of
270.7 kg N (162.5–448.1). Generally, modeled algal mat
abundances showed the greatest biomass in the stream
channel, especially for orange mats (Fig. 3A–D). Patchy
blackmats are known to occur throughout the landscape, es-
pecially where snow patches form each winter. However, the
modeled presence of orange mats outside the channel was
unexpected. This predicted orange mat occurrence was
most likely due to the presence of chlorophyll-bearing pho-
tosynthetic species present at small abundances throughout
the landscape, either as mosses or disaggregated mat com-
munities, that contribute to weakly photosynthetic signa-
tures in the surrounding soils (Adams et al. 2006, Salvatore
et al. 2020). The high abundance of orange mats within
the stream corridor, in addition to the dominance of black
mats along the streammargins, matches in situ observations
(Alger 1997,McKnight et al. 1998, 1999) and previously pub-
lished remote-sensing results (Salvatore et al. 2020). Finally,
although we only analyzed a single image from late in 1 sea-
son, these estimates may be representative for end of sum-
mer conditions for summers with typical flow regimes. This
snapshot does not reflect the cycles of growth, scouring, and
regrowth that can occur throughout each austral summer or
variations between years.

Stream corridor-scale N storage
We found that relative to the seasonal N import and ex-

port fluxes, large masses of N were physically and biolog-
ically stored along the stream corridor (Fig. 4A–C). In ad-
dition to the estimates of N stored in biomass reported
above, we found that most Monte Carlo simulations
(>70%) resulted in estimates wherein >90% of the total N
stored in the stream corridor was found in the hyporheic
zone as OM dissolved in porewater and as NH4

1 adsorbed
to sediment. OM in just the top 10 cm of sediment may ac-
count for ∼4700 kg N (3600–6100). Additionally, we esti-
mated that the hyporheic zone likely stored on the order of
30.6 kg N (16.5–49.4) in adsorbed NH4

1 and 0.4 kg N
(0.3–0.5) in dissolved NO3

2. Combining the median esti-
mate for each N pool and normalizing over the largest pool
area (134,112.5 m2), we obtained a total N storage estimate
of ∼40 g/m2.

It is important to note that total N storage exceeded the
mean annual flux of N at the outlet of Von Guerard Stream
(Fig. 4A–C). The only exception was for N stored in dis-
solved NO3

2 in hyporheic waters, which was expected to
be more transiently mobile and was of comparable size to,
or slightly less than, seasonal N fluxes. In total, median an-
nual imports and exports were <0.5 and <0.1% of median
N storage in all pools, respectively.
Figure 3. Modeled biomass and mat coverage from multi-
spectral remote sensing data along reach 6 of the Von Guerard
Stream corridor. Visible spectrum with corridor buffer ∼10 m
to either side of the thalweg; flow is from bottom to top (A).
Modeled biomass (B), % coverage by Nostoc-dominated black
mats (C), and % coverage by Phormidium-dominated orange
mats (D) from linear unmixing model applied to multispectral
data. Scale and orientation are the same for all panels.
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NH4
1 desorption in response to changing SC
Our laboratory assay on stream sediment demonstrated

that more K1 than Cl2 was lost from solution with increas-
ing SC (Fig. 5A). For the 2 lowest concentration treatments,
K1 and Cl2 concentrations increased slightly, suggesting
that some additional ions were mobilized from the sediment
as they were wetted. Losses of K1 in the 77.1, 155.9, and
317.6 lS/cm treatments were not matched by similar losses
of Cl2 despite comparable ionic masses. This result suggests
that greater net cation, but not anion, exchangewas occurring.
This pattern is consistent with field observations of ion ex-
change during a previous tracer study in an MDV stream
(Gooseff et al. 2004a).

We also found that NH4
1 adsorbed to Von Guerard

Stream sediments can be rapidly liberated into solution as
SC increases (Fig. 5B, C). We also found that apparent differ-
ences in the netmass of NH4

1 released, expressed as lg/g dry
mass, were reflective of differences in the amount of total ex-
tractable NH4

1. In other words, although the concentration
of NH4

1 stored by sorption varies laterally across the stream
(Heindel et al. 2021a), similar proportions of total stored
NH4

1 are released for particular SC values (Fig. 5B). We also
observed a potential trend towards plateauing of K1 losses at
higher concentrations (Fig. 5A), which may indicate an upper
limit to cation exchange and, potentially, NH4

1 desorption
(i.e., neither 100%ofK1was lost orNH4

1 released) under rea-
sonably representative SC values for Von Guerard Stream.

DISCUSSION
In this study, we leveraged historic point-scale sampling,

remote-sensing analysis, and a laboratory assay to demon-
strate that N storage is surprisingly high compared with ob-
served fluxes in an intermittent Antarctic stream corridor.
We uniquely scaled biological and physical N storage over
the entire stream corridor (>100,000 m2) to contextualize
the importance of N storage at the ecosystem rather than
centimeter scale. We found that even without significant al-
lochthonous N imports, N storage, especially in the hypo-
rheic zone, can be comparable—or potentially higher—than
has been reported for lower latitude and even temperate for-
ested systems. We also demonstrated that, despite generally
being ignored outside of tracer addition studies, NH4

1 ad-
sorption to stream sediment may be an important transient
physicochemical storagemechanism that responds to short-
term fluctuations in streamflow and governs the mobility of
inorganic N. Altogether, this work illustrates the necessity of
quantifying N storage within stream corridors to determine
the importance of autochthonous production, internal cy-
cling, and retention in modulating and sustaining the avail-
ability of N.

High stream corridor storage of N relative to fluxes
We found that, despite the uncertainty in field data and

scaling values over large areas (>100,000 m2), there is sub-
stantially more N stored in biomass and the hyporheic zone
than is exported from the stream corridor in any given flow
season (Fig. 4C). We estimated that mean annual import
and export of N represents <0.5% of the N that is physically
and biologically stored within the stream corridor. Our re-
sults demonstrate that relatively substantial N storage in
the stream corridor can occur even without allochthonous
POM imports, which dominate stream corridor N storage
Figure 4. Estimates of annual N import fluxes (A), annual N export fluxes (B), and N storage pool sizes (C) with uncertainty propa-
gation through Monte Carlo simulations (n 5 10,000). The lower and upper box boundaries correspond to the 1st and 3rd quartiles,
and the inner horizontal line is the median. Whiskers extend to 1.5� the interquartile range above and below the 1st and 3rd quartiles.
Data beyond these ranges are denoted with light gray circles. Vertical axes are scaled logarithmically to aid comparison across multi-
ple orders of magnitude. Annual N fluxes are abbreviated as Fdep for atmospheric deposition, Ffix for biological fixation, and FDIN,
FDON, and FPON for dissolved inorganic N, dissolved organic N, and particulate organic N in surface water, respectively. N storage
pools are abbreviated as Nhyp,OM for hyporheic organic matter, Nbio* for remotely sensed models of algal biomass, Nbioy for simple
scaling estimates of algal biomass (McKnight et al. 1998 method), Nsorb for NH4-N adsorbed to stream sediment, and Nnitr for dis-
solved NO3-N in the hyporheic zone.
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in forested temperate catchments (Naiman andMelillo 1984,
Triska et al. 1984). At about 40 g/m2, the area-normalized N
storagewe estimated forVonGuerard Streamwas larger than
the 12 to 22 g/m2 estimated for headwater streams in tem-
perate forests or the 3 to 9 g/m2 for a mid-latitude desert
stream (Naiman andMelillo 1984, Triska et al. 1984, Grimm
1987; Table 2). Our N storage estimate for Von Guerard
Stream is also larger than the range of 1 to 10 g/m2 reported
for 17 streams spanning a wide range of systems (Tank et al.
2018; Table 2). Notably, this latter study did not quantify or
include adsorbed NH4

1, DIN in interstitial waters, or the
sampling from parafluvial zones that were not actively inun-
dated by flow at the time of the study, as we did here. The
extreme hydrologic variability in MDV streams necessitates
inclusion of these broad parafluvial zones, which somewhat
complicates exact comparisons with these other systems
where the lateral extent of streamflow does not vary so fre-
quently on sub-hourly timescales.

Although we expected algal biomass to store the largest
mass of N in MDV streams, given extensive benthic algal
mat coverage (Alger 1997), absence of canopy cover, and
lack of allochthonous litter imports, we found that most
(>90%) stored N is likely held in the hyporheic zone. This
pattern is consistent with the universal fractional dominance
of N storage in fine benthic OM reported across climatic re-
gions from –457S to 677N by Tank et al. (2018).

It is possible that our mean estimates of N storage in Von
Guerard Stream are not entirely accurate because of our use
of results from point-scale samples in the calculations. It is
notable that even an order of magnitude reduction in total
N mass stored would result in area-normalized storage that
is comparable with that of Sycamore Creek, Arizona, USA
(Grimm 1987), which suggests that, regardless of uncertainty
associated with scaling our estimates, hyporheic N storage
can be substantial in intermittent stream systems in both
hot and cold climates. Importantly, we constrained our esti-
mates of N in hyporheic OM content—by far the largest N
pool—to only the top 10 cm of sediment, although the active
layer thaws to depths of ≤60 cm (Conovitz et al. 2006), such
that we may have underestimated the size of this pool. Ulti-
mately, our total N storage calculations would need to be re-
duced by ∼3 to 4 orders of magnitude to equal the highest
fluxes at the stream outlet. However, such a large error is un-
likely, given the number of samples and variety of sampling
locations represented by the historic data that we used in our
calculations. Although denitrification is possible in MDV
streams (Gooseff et al. 2004b), we cannot currently estimate
annual N losses from this process at the stream-corridor
scale or its contribution to explaining the imbalance between
import and export fluxes. Even so, it is unlikely that this pro-
cess alone would exceed the multiple orders of magnitude
difference between annual export masses and total storage
pools, nor can it alter our finding that storage pools aremany
times larger than annual import fluxes. In summary, despite
uncertainty related to propagating point-scale measures to
the entire reach, it is highly likely that substantial N storage
occurs relative to N import and export fluxes in this hyper-
arid, highly intermittent, polar desert stream.
Rapid reversible adsorption is an import mechanism
for inorganic N storage

Physicochemical storage of NH4
1 by adsorption to

stream sediment represents a dynamic N storage process
that can vary over both space and time in temperate systems
while also competing withmicrobial N demand (Triska et al.
1994). Despite this understanding, studies of stream N bud-
gets rarely quantify the mass of NH4

1 adsorbed to sediment
and evenmore rarely assess factors governing release of DIN
from this pool.
Figure 5. Changes in incubation solution ion concentrations
(Conc) and responses of sediment (sed) adsorbed NH4–N to
increasing specific conductivity (SC). Changes in solution Conc
of Cl2 and K1 (mean ±SE) by treatment conductivity (n 5 5)
(A), assay treatment solution SC against mean (±SE) net mass
of desorbed NH4-N normalized to dry sed mass (n 5 15)
(B), and mean (±SE) net % of total extractable NH4-N desorbed
(n 5 15) (C).
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Similarly, prior studies of MDV streams have mostly ig-
nored both the magnitude of NH4

1 adsorption and its po-
tential reversibility. Surprisingly, we found that the mass of
N in this storage pool is about an order of magnitude larger
than annual fluxes into or out of the stream corridor, sug-
gesting that such physical storage is important in this highly
oligotrophic system. Furthermore, our relatively simple lab-
oratory assay demonstrates that NH4

1 adsorption to MDV
stream sediments is likely reversible over the range of SC
observed in Von Guerard Stream over a 201-y record. Spe-
cifically, the net release of NH4

1 into solution increased
with increasing initial SC,which represents higher initial cat-
ion concentrations (K1 only in the assay; Fig. 5B, C). Sim-
ilar sensitivity has been documented in coastal sediment at
much higher SC (Seitzinger et al. 1991) but remains gener-
ally understudied in small headwater streams. The exact ki-
netics of NH4

1 desorption may vary in situ, but our results
indicate that 20 to 40% of adsorbed NH4

1 can likely be re-
leased into solution rapidly (<1 h). Because adsorbed NH4

1

content varies in space for MDV streams (Heindel et al.
2021a), channel expansion and contraction cycles with diel
flow pulsing likely plays an important role in when and where
such releases occur. Quantifying the net direction and mag-
nitude of reversible NH4

1 sorption to stream sediment on
Table 2. Total area-normalized N storage comparison among contrasting stream systems. Note that data appear for 2 distinct
studies on Sycamore Creek, Arizona, USA. Here we present fine benthic organic matter, sensu Tank et al. (2018), as
hyporheic organic matter (OM) regardless of autochthonous or allochthonous source. All values have been rounded to
the nearest g/m2 because of differences in original reporting across studies. POM 5 particulate organic matter.

Stream
State/

Province Country Latitude Longitude
Biogeoclimatic

region
N storage
(g/m2)

Dominant N
storage pool Reference

Von Guerard
Stream

– Antarctica 77.67S 163.37E Antarctic 40 Hyporheic OM This study

HJ Andrews Oregon USA 44.17N 122.37W Temperate 12 Channel POM Triska et al. 1984

Beaver Creek Quebec Canada 50.17N 66.17W Subarctic 22 Channel POM Naiman and
Mellilo 1984

Sycamore
Creek

Arizona USA 33.77N 33.77E Arid 3–9 Hyporheic OM Grimm 1987

6 Hyporheic OM Tank et al. 2018

El Valle (PRPN)a – Panama 8.67N 80.07W Tropical 4 Hyporheic OM Tank et al. 2018

El Valle (POPN)a – Panama 8.67N 80.07W Tropical 5 Hyporheic OM Tank et al. 2018

Bear Brook New
Hampshire

USA 43.97N 71.87W Temperate 10 Hyporheic OM Tank et al. 2018

Gallina Creek New
Mexico

USA 36.67N 105.67W Arid 4 Hyporheic OM Tank et al. 2018

Santa Colona – Spain 41.97N 2.67E Semi-arid 3 Hyporheic OM Tank et al. 2018

Eagle Creek Michigan USA 42.37N 85.37W Temperate 9 Hyporheic OM Tank et al. 2018

Walker Branch Tennessee USA 36.07N 84.37W Temperate 5 Hyporheic OM Tank et al. 2018

Upper Ball
Creek

North
Carolina

USA 35.17N 83.47W Temperate 2 Hyporheic OM Tank et al. 2018

Mack Creek Oregon USA 44.27N 122.27W Temperate 1 Hyporheic OM Tank et al. 2018

Quebrada Bisley – Puerto
Rico

18.37N 65.87W Tropical 2 Hyporheic OM Tank et al. 2018

Steinbogalaekur – Iceland 65.57N 17.07W Arctic 3 Hyporheic OM Tank et al. 2018

E1 (E1AK)a Alaska USA 68.67N 149.67W Arctic 1 Hyporheic OM Tank et al. 2018

Kings Creek Kansas USA 39.17N 96.67W Temperate 1 Hyporheic OM Tank et al. 2018

Lilleaa – Denmark 56.37N 10.17E Temperate 10 Hyporheic OM Tank et al. 2018

Kyeburn
(KTNZ)a

– New
Zealand

45.07S 170.47E Temperate 1 Hyporheic OM Tank et al. 2018

Kyeburn
(KGNZ)a

– New
Zealand

45.07S 170.47E Temperate 1 Hyporheic OM Tank et al. 2018
a Site codes used in Tank et al. (2018) are given in parentheses.
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annual timescales remains an important open question that
must be answered to fully constrain the N budget of MDV
streams and predict future changes.

MDV stream sediments modulate other cation fluxes
(K1, Na1, and Li1) through concentration-dependent ad-
sorption and release in well-connected hyporheic zones
(Gooseff et al. 2004a). This process is reflected in how spe-
cific conductivities exhibit small fluctuations during diel
flow pulsing and rise during sustained low flow periods
(e.g., Fig. 2A) because of evapoconcentration and hyporheic
weathering (Maurice et al. 2002, Barrett et al. 2009, Singley
et al. 2017). From our laboratory results, we conclude that
NH4

1 adsorption and desorption probably vary similarly
over time inVonGuerard Stream. Interestingly, it is possible
that the net direction of NH4

1 adsorption may shift over
time, just as occurs for other cations (Gooseff et al. 2004a).
Although we cannot conclude that this behavior occurs or
infer the exact conditions that may control such shifts, our
findings represent an interesting topic for future investiga-
tions into how physicochemical processes govern N availabil-
ity in these oligotrophic and intermittent stream corridors.

Fluxes from internal pools must sustain N availability
MDV streams have traditionally been conceptualized as

net N sinks because of biological uptake by algal mats and
hyporheic microbes, which can remove DIN imports over
short spatial and temporal scales (e.g., Gooseff et al. 2004b,
McKnight et al. 2004, Dubnick et al. 2017). Our observation
that annual N imports exceeded exports for Von Guerard
Stream (Fig. 4A, B) aligns well with this understanding. Ad-
ditionally, stable N isotope analysis has shown a shift from a
predominance of glacially sourced N in the upper reaches to
autochthonously sourced N in the lower reaches of MDV
streams (Kohler et al. 2018), whereas hyporheic sediment
and porewater data reveal that the autochthonous POM is
entrained and processed in the hyporheic zone (Heindel et al.
2021a, Singley et al. 2021b), thereby sustaining N availability
along MDV streams. These findings suggest that spiraling
and storage of autochthonousOMandN, rather than simply
removal of allochthonous (glacially sourced) imports by biota,
governs N availability along the entire reach.

Our N pool estimates indicate that there is a sufficiently
large pool of N stored in the hyporheic zone to maintain
DIN sourcing from the hyporheic zone even during extended
periods (or whole seasons) when streamflow pulses are not
large enough to mobilize POM. The same is likely true for
adsorbed NH4

1 because low flow periods result in rising
SC (Fig. 2A), potentially driving releases of physically stored
N (Fig. 5A) when POM import to the hyporheic zone ceases.
We would expect that the relative stability of each of these N
pools plays an important role in governing N availability.
Diel flow pulses in MDV streams mobilize POM, especially
from Nostoc-dominated mats, resulting in a transfer of au-
tochthonous OM and N into the hyporheic zone (Cullis
et al. 2014, Heindel et al. 2021a). Remineralization of this
OM is thought to sustain elevated DIN concentrations in
hyporheic water even as flow fluctuates (Singley et al. 2021b).
In quantifying the extent of this hyporheic OM pool, we
show that it does not need to be continually replenished to
allow for DIN production by remineralization. Just as in other
systems (e.g., Schmadel et al. 2021), the release of previously
stored nutrients can influence (if not dominate) the fluxes
observed as hydrologic conditions vary over time. Thus, this
dynamic physical retention and release of OM and NH4

1 in
the hyporheic zone likely plays a critical role in sustaining N
availability and downstreamproductivity in this highly oligo-
trophic system, especially at increasing distances from point
allochthonous imports (i.e., the source glacier).

Implications for studies of intermittent streams
in the MDVs and beyond

A fewmajor knowledge gaps must be addressed to better
constrain the longitudinal evolution of dominant N sources
and actually close N budgets in MDV streams. Foremost is
the need to document upstream boundary conditions for
N imports, including concentration–discharge typology,
DIN and DON concentrations, and meltwater hydrographs
at the glacier face. Quantifying spatiotemporal variation of
biological N fixation rates would further limit uncertainty
surrounding N imports. There is also a need to better quan-
tify N export dynamics for DON and POM, not just DIN.
At present, none of the specific reaction rates linking these
N pools (i.e., hyporheic OM mineralization, nitrification,
POM entrainment, NH4

1 adsorption/desorption, etc.) have
been determined in situ. Thus, our findings raise questions
about how stream corridor N pools change over time, such
as:When does each pool act as a source or sink?Which pools
are most sensitive to changes in streamflow, water tempera-
ture, and microbial activity that may occur with climate
change?What is the importance ofN inhyporheicOMpools
to the recovery of periphyton following massive disturbance
from large flow years (e.g., Gooseff et al. 2017)? Resolving
how N pools change over time is critical for explaining
how and why stream regulation of N fluxes varies over time,
rather than only during narrow discrete periods (i.e., nutri-
ent addition studies).

Beyond these questions, our study also extends the work
of Salvatore et al. (2020, 2021) in demonstrating the poten-
tial to map and quantify biomass of benthic algae and the
nutrients stored therein in intermittent and ephemeral
streams using multispectral remote sensing imagery. For
alpine, arid, and polar environments without canopy cover
obscuring the streambed, thismethod provides a promising
way to characterize spatial and temporal heterogeneity
when flow is reduced or ceases altogether. A few studies
have used various remote sensing platforms to map inter-
mittent stream networks (Yang and Smith 2013, Hamada
et al. 2016, Spence and Mengistu 2016). However, little
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has been done to leverage such imaging to analyze exposed
periphyton along the stream corridor when flow ceases,
and, to our knowledge, none have attempted to quantify nu-
trient storage over large areas. The use of spectral libraries
based on the particular system of interest offers an intriguing
means to provide more nuanced characterization of biotic
communities than, say, simply detecting biomass in aggre-
gate. Applying such tools will advance investigations into
the processes governing patchy and temporally variable eco-
system production, C and nutrient storage, and ecological
responses to disturbance in intermittent streams.

More broadly, the results of our study taken together
demonstrate that progress in the field of stream biogeo-
chemistry may occur bymore closely examining stream cor-
ridorN storage in the context offluxmodulation at the reach
scale, especially beyond perennial streams in forested tem-
perate catchments. We have highlighted the utility of rela-
tively simple scaling calculations with uncertainty propaga-
tion that serves as an initial approach for future studies in
more complex systems. By applying this approach to MDV
streams, we have illuminated the surprising magnitude of
N storage over large regions in systems that appear starved
for N.
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