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Abstract

High-resolution temporal measurements in remote, high-elevation surface waters are required to
better understand the dynamics of nitrate (NOsz™) in response to changes in meteoclimatic
conditions. This study reports on the first use of a UV-Vis submersible spectrophotometric probe
(UV-Vis probe) to measure the hourly concentration of nitrate nitrogen (NO3s™-N) in a pond located
at 2722 m as.l. in an alpine tundra area (NW Italian Alps), during two snow-free seasons (July—
October) in 2014 and 2015. Weekly analyses of NOs™-N and stable isotopes of water (510 and
8%H), together with continuous meteorological, water temperature and turbidity measurements, were
performed over the same period. The integration of in-situ UV-Vis spectrophotometric
measurements and weekly samples allowed depicting the role of summer precipitation, snow melt,
and temperature (air and water) in influencing NO3z~ dynamics. Short-duration meteorological

events (e.g., summer storms and rain-on-snow events) produced rapid variations of in-pond NOs~
1



28

29

30

31

32

33

34

35

36

37

38

39

concentration, i.e., fivefold increase in 18 hours, that would not be detectable using the traditional
manual collection of discrete samples. The observed seasonal variability of NOs~ concentration,
negatively correlated with water temperature, highlighted the important role of in-pond biological
processes leading to an enhanced N uptake and to the lowest NO3~ concentration in the warmer
periods. The occurrence of heavy rainfall events critically altered the expected seasonal NO3z~
trends, increasing the N supply to the pond. The comparison of N dynamics in two years
characterised by extremely different meteoclimatic conditions allowed to obtain insights on the
potential effects of climate changes (e.g., high air temperature, heavy rainfalls, and rain-on-snow

events) on sensitive aquatic ecosystems as high-elevation ponds.

Keywords: NOz™, surface water, mountains, LTER, turbidity, N retention
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1 Introduction

Changes in climate and nutrient input can have strong effects on mountain ecosystems, in
particular on those located above the tree line, in alpine tundra (Balestrini et al., 2013). These
ecosystems are susceptible to alterations that affect their physical structure and biological
communities, because of their complex topography, harsh climate, long-lasting snow cover, and a
short growing season (Williams et al., 2002; Balestrini et al., 2013; Barnes et al., 2014). These
extreme environments are key components of the water cycle and are integral parts of the so called
“water towers”, referring to the role of mountains as providers of essential freshwater to lowland
areas (Viviroli et al., 2007, 2020).

In this context, high-elevation lakes play an important role in the hydrological and chemical
dynamics of mountain watersheds (Catalan et al., 2006; Tartari et al., 2008; Tolotti et al., 2009;
Salerno et al., 2016a). The general lack of direct human influence on these lakes and the fact that
their physical, chemical and biological properties respond rapidly to climate-related changes make
them key freshwater reference sites for global scale processes (Adrian et al., 2009; Mladenov et al.,
2009; Salerno et al., 2016b; Rogora et al., 2020). In addition, water bodies located in high-elevation
environments are generally characterised by small size, and can be defined as ponds (area < 2 x 10*
m?; Hamerlik et al., 2014). The relatively low water volumes and high surface area to depth ratios
make these water bodies even more fragile and sensitive to environmental changes (Hamerlik et al.,
2014).

Chronic, relatively high, inputs of nitrogen (N) from atmospheric deposition can, over time,
saturate the N assimilation capacity of biological processes in remote, commonly, N-limited
ecosystems (N saturation, see Aber et al., 1998). The effects of N-saturation are complex with
impact on both terrestrial and aquatic ecosystems, and include the enhanced leaching of inorganic N
from soils to surface waters (Balestrini et al., 2006; Rogora et al., 2012). In this regard, nitrate

(NOs") has been investigated due to its role in affecting the productivity and species diversity in
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remote mountain waters (Elser et al., 2009; Slemmons et al., 2017). In mountain catchments, NO3~
dynamics in surface waters depend on several drivers, such as land-cover and topographic
characteristics (slope and presence of soil, bedrock, and cryospheric elements; e.g., Kopacek et al.,
2005; Balestrini et al., 2013; Colombo et al., 2019a), climatic conditions (e.g., precipitation, snow-
cover duration, and air temperature; e.g., Kopacek et al., 2005; Williams et al., 2015a,b; Freppaz et
al., 2019), and anthropogenic activities (e.g., N deposition from atmospheric pollution; Elser et al.,
2009; Rogora et al., 2012). Meteo-hydrological events such as snowmelt and summer storms, able
to generate rapid changes in water flow paths, nutrient source areas, and biogeochemical processes,
can strongly affect NOs~ concentrations and fluxes in mountain surface waters (Williams et al.,
2002; Clow et al., 2003; Sickman et al., 2003; Williams et al., 2007; Sebestyen et al., 2008).
However, little work has been done to characterise the hydrochemical response, with particular
reference to NOz", to meteorological events in ponds and lakes located above the treeline.
Furthermore, the biological in-stream/lake processes are often ignored in alpine catchments,
although a growing body of literature demonstrates that they are important regulators of nutrient
retention and export in headwater catchments (Mulholland et al., 2006; Roberts and Mulholland,
2007; Rusjan and Mikos, 2010)

Studies focusing on NO3z~ dynamics in remote surface waters generally rely on manual collection
of discrete samples and subsequent laboratory analysis (e.g., Williams et al., 2007; Vione et al.,
2021). This approach is expensive, time-consuming, and is often affected by intrinsic risks
associated with extreme weather conditions and location (e.g., orographic thunderstorms, rockfalls,
snow avalanches, ice falls, etc.), resulting in sporadic and/or low temporal-resolution data sets. For
this reason, essential insights into the processes occurring in these ecosystems are lacking or
incomplete, especially the ones occurring on short time scales (hours, days, or even weeks).

High-resolution in-situ measurements could refine the assessment of nutrient fluxes and temporal
dynamics of high-elevated aquatic ecosystems, in turn improving the understanding of how

weather- and climate-driven modifications could impact these fragile and rapidly changing
4
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ecosystems. To do this, in situ sensors can be deployed in remote and hardly accessible locations
where repeated, grab sampling techniques would be logistically difficult and potentially dangerous
(e.g., Beaton et al., 2017). Ultraviolet—visible light (UV-Vis) spectrophotometers are currently
available to evaluate variations in NOs~ concentrations in surface waters with high temporal
resolution. Research has focused on the use of similar sensors especially in running waters in
lowland areas (e.g., Pellerin et al., 2012; Burns et al., 2019); however, applications of in-situ UV—
Vis spectrophotometers in remote, high-elevation water bodies have not yet been reported.

In the present work, a UV-Vis spectrophotometer was installed and used to monitor nitrate
nitrogen (NOs™-N) concentration and turbidity in the Col d’Olen Rock Glacier Pond (2722 m a.s.l.)
located in the NW Italian Alps, during the summers 2014 and 2015. In addition, grab samples were
collected on a weekly basis and analysed for NOs™-N concentration and isotopic composition of
water (8*%0 and §°H). Finally, meteorological parameters (air temperature, rainfall, and snow depth)
and water temperature were continuously measured during the investigated period. The Col d’Olen
Rock Glacier Pond was selected as a model system for this investigation since the hydrochemical
features of the pond have been deeply studied in the last years to understand the influence of a rock
glacier flowing into the pond (Colombo et al., 2018a,b, 2019a, 2020). This provided a solid
knowledge baseline for interpreting the high-temporal-resolution data obtained in this work.

The aim of this study was to unravel the mechanisms underlying the dynamics of nitrate during
seasonal transitions and short-lived meteorological events in a remote, high-elevation pond. The

implications of our findings on the effect of climate change on N cycle were also discussed.

2 Materials and Methods
2.1 Study area
The research site (Angelo Mosso Scientific Institute site) is a node of the Long-Term Ecological

Research (LTER) network in ltaly, situated in the North-Western Italian Alps, at the boundary
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between Valle d’Aosta and Piemonte regions (Fig. la). The Col d’Olen Rock Glacier Pond is
situated at the Col d’Olen Rock Glacier terminus (Fig. 1b,c), at an elevation of 2722 m a.s.l. Its
catchment area is approximately 206,000 m? (Fig. 1b). The pond has an area of ca. 1600 m?
(covering 0.8 % of the catchment), with maximum length and width of ca. 60 x 40 m, and reaches a
maximum depth of about 3 m (average depth: 1.8 m). It is a low-turbidity water pond, characterised
by ultraoligotrophic conditions and by the lack of macroalgal and macrophyte cover at the bottom
(Mania et al., 2019). Two water temperature profiles were performed in the pond on 12 July and 6
September 2015, showing a slight temperature decrease toward the bottom (300 cm depth) of 0.9 °C
and 0.8 °C, respectively (Colombo et al., 2018a). A thick layer (up to several decimetres) of fine-
grained sediments covers the bottom of the pond (Sambuelli et al., 2015; Colombo et al., 2020).
Coarse sediment constitutes the main land cover in the pond catchment, followed by bedrock
outcrops; vegetated soil is also present, especially in the pond surroundings (Colombo et al.,
2019a). More details on the catchment structural setting, hydrological and chemical dynamics, and
ecosystem features of the pond can be found in Colombo et al. (2018a,b; 2019a; 2020) and Mania et
al. (2019).

According to recent climate data series (2008-2015) obtained by the Col d’Olen AWS
(Automatic Weather Station, Meteomont Service, Italian Army, 2900 m a.s.l., located approx. 900
m from the pond), the area is characterised by 400 mm of rainfall (on average) during the summer
season, a mean annual air temperature of —2.6 °C, and a mean cumulative snowfall of 850 cm. The
snowpack generally develops by late October to early November, and melt out usually occurs in
July. At the site, heavy (> 10 mm) and very heavy (> 20 mm) rainfall events are relatively frequent
during the snow-free season (Freppaz et al., 2019). At the site, mean annual nitrate concentrations

in snow and rain are 5 and 10 umol L, respectively (year 2015, Colombo et al., 2019a).

2.2 Meteorological measurements
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Air temperature and snow depth were measured at the Col d’Olen AWS. Rain data were
obtained from the Gressoney-La-Trinité - Lago Gabiet AWS (2379 m a.s.l., managed by Regione
Autonoma Valle d’Aosta), located ca. 2.5 km from the pond; the use of the Gressoney-La-Trinité -
Lago Gabiet AWS was due to some data gaps in the precipitation data of the Col d’Olen AWS

during the analysed time-span. Data were acquired on an hourly basis.

2.3 Spectroscopic and water temperature measurements

A UV-Vis submersible spectrophotometric probe (s::can sprectro::lyser™, s::can Messtechnik
GmbH, Austria; Fig. 1d) was used for high-resolution spectroscopic measurements in the pond. The
deployed probe had a measuring path length of 35 mm, suggested by the manufacturer for use in
natural water. The probe measured absorbance over a 200730 nm range at 2.5 nm intervals, thus it
is potentially able to monitor concentrations of all compounds which generate an absorption. In
particular, nitrate nitrogen (NO3™-N) induces an absorption between 210 and 240 nm (UV range)
and turbidity between 400 and 700 nm (Visible range). Although NOs™-N can be estimated by the
probe using the manufacturer’s default global calibration (Langergraber et al., 2003), a local
calibration algorithm can also be used to adapt the global calibration to the local conditions
(Fleischmann et al., 2001). Local calibration uses laboratory analysis on actual samples from the
investigated medium (Fleischmann et al., 2001), to account for matrix effects. To properly perform
the local calibration, a sufficient number of water samples should be collected onsite prior to the
deployment of the instrument, to cover the entire expected range of possible NO3z™-N
concentrations. In our case, considering the remoteness of the study area and the scarce availability
of enough existing grab samples covering the whole range of nitrate concentrations (which is a
typical condition encountered by researchers in these kind of high-elevation settings), the default

global calibration was used (detection range: 0.35-715 pmol L™*; Snazelle, 2015).
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The reduced size of the probe (length: 58 cm, diameter: 4.4 cm, weight: ca. 2 kg) made this
instrument particularly suitable for installation in remote areas. The probe was installed at the
southern side of the pond (Fig. 1c), approximately 3-m in from the shoreline (Fig. 1e) and at ca. 1-m
depth. The sensor was installed in a zone of the pond not directly influenced by the rock glacier,
thus representative of the processes ongoing in the entire pond and its catchment (Colombo et al.,
2018a,b). The sensor was placed in horizontal position close to the pond bottom, with bottom-
facing measuring path to avoid direct solar radiation incidence, prevent particles sedimentation in
the measuring window, and avoid adhesion of gas bubbles. Power was provided by a 12 VV / 18 Ah
battery charged by a solar panel (Fig. 1f) that ensured continuous measurements during the
monitoring period. In addition, the measuring window was automatically cleaned at 3-hour intervals
using pressurised air (Fig. 1g). Data were acquired at 3-hour intervals over the periods 14 July — 9
October 2014 (88 days) and 29 June — 31 July 2015 (33 days). The probe was removed on 9
October 2014 to prevent damages to the installation due to ice formation on the pond surface. On 1
August 2015, a sensor malfunction occurred due to a thunderstorm, preventing its recovery and thus
further measurements during the remaining summer 2015 campaign. Raw data were saved in an
internal datalogger. Every two weeks the probe was checked for its operational conditions and no
technical issues were found.

Several processes are capable of influencing the performance of UV-Vis probes in estimating
nitrate concentrations. For instance, interference of pH and salinity on nitrate quantification might
occur (cf., Edwards et al., 2001), however, pH and electrical conductivity at the Rock Glacier Pond
during the investigated period were between 7 and 7.5 and 32 and 45 pS cm™, respectively
(Colombo et al., 2018b), thus any interference was excluded. Also, since NO2"-N concentrations in
pond water were extremely low, generally below the detection limits (Colombo et al., 2018hb), an
interference effect of nitrite could be excluded too (Huebsch et al., 2015). Furthermore, the probe
internal algorithm compensates for the effect of turbidity, thus from this point of view any relevant

interference could be discarded. Finally, water temperature might also have an effect on nitrate
8
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concentration estimation (Pellerin et al., 2012), however, during a comparison test between several
probes for measuring nitrate, no relevant drift was observed for a probe like the one used in the
present study (Snazelle, 2015). Thus, the conditions of the pond and the characteristics of the
employed UV-Vis probe were considered suitable for estimating the NOs™-N temporal variations in
our setting.

Water temperature in the pond was measured continuously (at 3-hour intervals) from 28 July to 9
October 2014 and from 29 June to 12 October 2015 by means of a miniature temperature Onset
HOBO® TidbiT v2 Temp logger (accuracy +0.21 °C, resolution 0.02 °C) installed at the pond

bottom close to the probe.

2.4 Water level and grab samples collection and analysis

Water level was measured approximately on a weekly basis using a hydrometric station with
direct observations from 14 July to 9 October 2014 and from 29 June to 12 October 2015. In
conjunction with the water level measurements, the pond was sampled using a telescopic sampling
pole, collecting samples close to the probe site (13 samples in 2014 and 15 samples 2015),
approximately at the same depth as the probe. To validate the probe during its deployment period,
sample collection was performed at the exact time of the probe measurement to properly compare
sample analyses with the instantaneous probe data (13 samples in 2014 and 5 samples in 2015).

Water samples for NOs™-N analyses were collected in new polyethylene tubes (volume 50 mL).
To properly choose the tubes used for the sampling, they were preliminarily tested by storing Milli-
Q water in conditions similar to those of the samples; no release of NOs-N was detected. The
content of the tubes was immediately filtered in the field through a 0.2 um nylon membrane filter.
Given the expected low NO3z™-N concentrations, the suitability of the filters for our analyses was
also tested; several filtered blank experiments were performed and no modifications in NOs™-N

occurred. In addition, filtered blank experiments were conducted on different filters lots and filters
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were tested also on calibration standards, and no anomalies were detected. Samples were stored in
an ice-packed cooler during transport from the field site, and then immediately transferred to the
laboratory where they were refrigerated (at +4 °C) until analysis. The concentration of NOz™-N was
determined by ion chromatography (Dionex DX-500, Sunnyvale, California, USA). Analysis
quality was determined by including method blanks and repeated measurements of standard
reference samples. Analytical precision was < 10% and LOD was 1 pmol L.,

Water samples for isotopic analyses were collected using new polyethylene tubes with airtight
caps (volume 50 mL), completely filled to avoid head space. Furthermore, a 300 cm-deep snow
profile was sampled before the melting season near the Col d'Olen AWS on 14 April 2015; six
snow samples were collected at 50-cm intervals. A bulk rainwater sampler was also installed on 28
July 2014 close to the pond and sampled weekly (if precipitation occurred). Eight and four rain
samples were collected in 2014 and 2015, respectively. Analysis was performed at the INSTAAR
(Institute of Arctic and Alpine Research) Kiowa Environmental Chemistry Laboratory of the
University of Colorado at Boulder (USA), by means of a cavity ring-down spectroscopy analyzer -
Picarro L2130-i (Picarro Inc., Sunnyvale, California, USA). Isotopic composition was expressed as
a o (per mil) ratio of the sample to the Vienna Standard Mean Ocean Water (VSMOW), where § is
the ratio of 80/®0 and 2H/*H. Analytical precision was 0.1 %o and 1 %o for 80 and §°H,

respectively.

2.5 Data elaboration and analysis

To assess the performance of the probe, NO3™-N concentrations estimated by the probe were
compared to the ones determined in 18 grab samples; then, grab sample data were used to post-
calibrate the probe data, through a simple linear regression approach. In addition, the degree of
correlation among selected parameters was verified through the Pearson’s correlation coefficient (1),

if data were normally distributed (Kolmogorov-Smirnov test; Carvalho, 2015). The non-parametric

10
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Spearman’s test was used if data did not follow the normal distribution, even after the application of

log-transformation. All analyses were performed in R environment (R Core Team, 2022).

3 Results

3.1 Meteorological and hydrological conditions

The two investigated years showed a large difference in the snow-cover duration. Indeed, the
melt-out date of snow occurred at the beginning of August in 2014 (Fig. 2a), while it occurred one
month earlier in 2015 (Fig. 2b). The two periods differed also considering the rainfall, indeed 2014
was characterised by a lower cumulated amount (351 mm) with respect to 2015 (567 mm). In 2014,
heavy rain events mostly occurred from mid-July, when snowpack was still present, to mid-August
(Fig. 2a). July was the wettest month in 2014, with 154 mm of cumulated rain. Differently, in 2015,
most of the heavy rain events occurred in the snow-free August (Fig. 2b), which was also the
wettest month (303 mm). The mean daily air temperature during the investigated periods was +2.9
°C and +4 °C in 2014 and 2015, respectively. The range of variation was also different between the
two years. Indeed, daily air temperature variation in 2014 was more reduced (Fig. 2a), ranging from
—3.0 °C (6 October) to +8.1 °C (17 July), while in 2015 it was larger (Fig. 2b), ranging from -5.8
°C (1 October) to +12.1 °C (5 July).

Regarding the daily water temperature, in 2014, an absolute minimum value of +3.5 °C was
registered at the beginning of the measurement period (28 July), which was followed by a
progressive increase until the absolute maximum value of +10.7 °C, that was reached at the end of
August (31 August, Fig. 2a). Then, a decrease in water temperature occurred until the end of the
investigated period, reaching a minimum value of +5.7 °C (10 October). It is also worth noting a
short period (10 days), from the end of September to the beginning of October, when a water
temperature increase occurred (maximum value: +8.8 °C, 4 October, Fig. 2a). In 2015, the

monitored period began with a sharp water temperature increase, from +4.0 °C to +13.2 °C in 18

11
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days (29 June — 17 July, Fig. 2b). The temperature remained relatively high until 6 August (absolute
maximum value: +13.7 °C), and then decreased to +3.9 °C in correspondence with an intense rainy
period (8 — 24 August). Another water temperature increase occurred at the beginning of
September, after which the temperature finally declined toward the end of the season (absolute
minimum value: +2.3 °C, 3 October), when the snowpack started building up (Fig. 2b). During the
deployment period of the probe, the water temperature exhibited daily cycles with the lowest mean
values at 09:00 AM and the highest mean values at 6:00 PM, during both years; the mean difference
between the highest and lowest diel values was 1.2 °C in 2014 and 0.9 °C in 2015 (not shown).

Regarding the water level, starting from the same initial value (about 100 cm), a level decline
was weekly recorded in both seasons with a minimum value measured in October, which led to an
overall decrease of about 30 cm (Fig. 2c,d). Despite the decreasing trend, some increases due to
precipitation events occurred, for instance in September 2014 (4 cm increase) and August 2015 (10
cm increase).

880 and &?H of water molecule were used as hydrologic tracers to detect the main water sources
of the pond, e.g., water from snow melt and precipitation events (cf., Colombo et al., 2018b, 2019b;
Brighenti et al., 2021). The most depleted values were shown by snow for 880 (mean —18.9 %o,
range: —22.9 t0 —16.2 %o) and 6?H (mean: —139.2 %o, range: —171.2 t0 —116.2 %o). On the opposite,
rain had the most enriched values of 380 (mean: —10.0 %o, range: —12.3 to —7.8 %o) and &°H
(mean: —63.9 %o, range: —89.3 t0 —46.8 %o). Pond water values of 580 (mean: —12.8 %o, range:
—14.8 t0 —10.4 %o) and 8%H (mean: —90.3 %o, range: —106.9 to —70.8 %o) arranged in between snow
and rain ones. A progressive isotopic enrichment occurred during the analysed periods, with some
evident sharp enrichments after heavy rain events in July 2014, July 2015, and August 2015 (Figs.
2c,d, 3). The isotope values of snow, rain, and water pond, shown in a dual isotope diagram (Fig. 3),
fell close to the Local Meteoric Water Line (LMWL) calculated for Northern Italy by Longinelli

and Selmo (2003).

12
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3.2 NOs™-N concentrations
3.2.1 Grab samples

In 2014, the highest NOs™-N concentrations occurred at the beginning of the sampling season, in
July (6.6-8.9 pmol L), then they decreased in August (2.7-4.1 pmol L™, Fig. 2e). A slight,
progressive NOs™-N increase occurred toward the end of the sampling period, in September and
October (ca. 5 umol L™1). In 2015, NOs~-N concentrations declined from the end of June (5.6 umol
L) toward the minimum values measured in second half of July (ca. 2 pmol L-1), which were then
followed by a sharp increase between the end of July and mid-August (6.2-13.8 pmol L2, Fig. 2f).
After a concentration decline toward mid-September (3.7 pmol L), NOs-N concentrations

increased again between the end of September and the beginning of October (5.0-6.6 umol L1).

3.2.1 UV-Vis probe measurements

The probe provided a good estimate of NOs™-N temporal variations; indeed, the correlation
coefficient (r) between grab sample and probe NO3z™-N concentrations was 0.83 (p < 0.01) (Fig. 4).
Simple linear regression was used to post-calibrate the probe, obtaining a mean absolute percentage
error of £ 18 %. The residuals of the probe vs. grab sample regression were normally distributed
(Fig. 4) and did not display any temporal trend (not shown), thus confirming the good quality of the
post-calibration.

The daily probe data showed that, in 2014, after a 6-day period of relatively dry conditions
(14-19 July 2014; cumulated rain: 7.8 mm), during which NOs™-N concentrations slightly declined
(from 7.0 to 5.5 umol L-1), a sharp NOs™-N increase was measured on 20-21 July 2014 (Fig. 5a,c).
During these days, 3-hour data showed that 39.8 mm of rain fell in 33 hours and NOz™-N
concentrations increased from 5.6 to 11.2 umol L (Fig. 6a). Then, NOs~-N remained relatively
stable (ca. 8-10 umol L) for 8 days even though other abundant rainy events occurred (22—29

July 2014; cumulated rain: 107 mm). The following period (1-22 August) was characterised by a
13
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gradual NOs™-N decline, until reaching a plateau that lasted approximately two weeks (23 August-5
September), with minimum concentrations of ca. 3.0 umol L™ (Figs. 5c, 6b). After this period,
NOs-N concentrations slowly increased until 16 September (ca. +1 pmol L), when a faster
increase occurred (ca. +2 umol Lt in 4 days; Figs. 5¢, 6¢). Again, NOs™-N concentrations reached a
plateau around 5 umol Lt and then increased at the end of the season (6.5 umol Lt). Temporal
variations of turbidity showed similarities with NOs™N ones, such as higher values in July
(meanzst.dev.: 3.3+2.1 Formazine Turbidity Unit - FTU; Fig. 5¢). From 1 August to the third week
of September, turbidity remained low and stable (meantst.dev.: 0.8+0.2 FTU), while it slightly
increased in October (meanzst.dev.: 1.24+0.6 FTU), similarly to NOs™-N (Fig. 5c¢). Turbidity was
significantly correlated to NOs™-N (r = 0.71, p < 0.001, n = 697, 3-hour data).

In 2015, a dry period characterised the first investigated weeks (29 June — 21 July, cumulated
rain: 13.2 mm), during which daily NOs™-N concentrations progressively decreased from 7.1 pmol
L (29 June) to 3.1 pmol L~ (21 July; Fig. 5b,d). After the initial dry period, a rain event occurred
on 22 July, with 32.2 mm of rain cumulated in 6 hours; a fivefold NO3™-N increase occurred, with
3-hour concentrations that increased from 2.9 to 15 umol L (Figs. 5b,d, 6d). Then, a progressive
decrease in NOs™-N occurred until the end of the studied period (Fig. 5d). Turbidity and NOs™-N
showed similar temporal variations (Figs. 5d, 6d), indeed they were significantly correlated (r =
0.86, p < 0.001, n = 260, 3-hour data).

In 2014, an inverse correlation was found between 3-hour water temperatures and NO3z™-N
concentrations estimated by the probe (r = —0.89, p < 0.001, n = 589). A correlation analysis was
also performed between daily water temperatures and NO3z™-N concentrations in grab samples: also
in this case, a significant, negative correlation was found (r = —0.74, p < 0.01; n = 11). In 2015, no

significant correlation was found between 3-hour water temperatures and NOs™-N concentrations
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estimated by the probe (r = —0.01, p = 0.93; n = 260) and neither between daily water temperatures
and NOs™-N concentrations in grab samples (r =-0.57, p = 0.31; n =5).

Finally, no evident and temporally consistent daily cycles in NO3™-N concentrations were found
during both investigated years; the mean difference between the highest and lowest diel values was
0.3 umol L in 2014 and 0.6 umol Lt in 2015 (not shown). However, in the first days of 2015 (29
June — 5 July), during the snow-melt phase, daily NOs™-N amplitude reached values up to 4.1 pmol
L2, with the highest concentrations (7-9 pmol L) occurring in the evening (generally at 09:00

PM; not shown).

4 Discussion

4.1 Early summer: snow-melt period

The different temperature and snow regimes at the beginning of the summer seasons have greatly
influenced the snowmelt period in the analysed years. In 2014, the sampling campaign started when
snow depth was 120 cm (14 July) corresponding to ca. 30 % of the maximum snow depth while, in
2015, snow depth was 70 cm, thus 90 % of snowpack was already melted.

In the early summer of both years, the higher NOs~ concentrations followed by a progressive
decline during the first days, before the occurrence of rain events, likely reflected the nitrate
regression phase following the nitrate pulse (Pellerin et al., 2012; Beaton et al., 2017). Indeed,
although the main nitrate pulse was not captured in this study, since it generally occurs during the
early snow-melt period (e.g., Sebestyen et al., 2008; Pellerin et al., 2012), the depleted isotope
values in the pond water and low water temperature suggested a contribution from snow melt (cf.,
Hayashi, 2020; Marchina et al., 2020; Bearzot et al., 2023). Several studies have shown that the
nitrate (and other solute) peak, often observed in montane surface waters during the early phases of
snow melt (Johannessen and Henriksen, 1978), originates from the preferential elution of nitrate

from the snowpack during the early melting phase (atmospheric origin, Sebestyen et al., 2008),
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and/or from the flushing of nitrate, produced by microbial nitrification, from catchment soils
(terrestrial origin, Campbell et al., 2002; Sickman et al., 2003).

In 2014, 5 main rain-on-snow events occurred during the late snow-melt phase, contributing to
54 % of the cumulated rain during the entire 2014 monitoring period. During the first event (ca. 40
mm), NO3~ concentrations doubled in 33 hours (from 5.6 to 11.2 umol L) while, for instance, the
concentration increase after the third event (ca. 50 mm) was rather reduced (from 8 to 10 pmol L™).
These variations likely reflect the occurrence of new sources of N made available by an increase in
the wetness during rain events. Indeed, these events could have increased the fraction of the
catchment hydrologically connected to the pond through shallow subsurface and overland flows. At
the end of July, an enrichment in the isotopic values of pond water with respect to the preceding
days (from —14.8 to —13.6 %o for 8'80 and from —106.9 to —96.3 %o for 6?H) seems to indicate a
relevant hydrological contribution from rain water. Enhanced infiltration could also have favoured
the rising of groundwater and saturation of soil, resulting in the release of nitrate originated by
nitrification. In addition, NOs~ could also have derived from the flushing of other debris deposits in
the catchment, such as talus, where it could be released by microbial pools (Sickman et al., 2003;
Ley et al., 2004; Nemergut et al., 2005). The expansion of the hydrological network, enhancing the
interaction between water and soil/debris deposits, might also explain the increase in turbidity, due
to the transport of suspended particles to the pond.

In 2015, the snow-melt phase lasted few days (29 June — 9 July) however, in this period,
pronounced NO3~ diel cycles (amplitude up to 4.1 pmol L) might indicate a connection to the diel
variations of the hydrological fluxes originated from snow melt in the catchment. Indeed, previous
research using in-situ high-frequency sensors in alpine streams (Pellerin et al., 2012) and proglacial
meltwater rivers (Beaton et al., 2017) reported a diurnal nitrate variability caused by variations in
diurnal discharge (inverse relationship), during the early and middle stage of the snow melt phase.

However, it is not clear why these diel cycles were larger in 2015 with respect to 2014. An
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explanation might be related to the warmer atmospheric conditions during the snow-melt period in
2015, which caused a higher daily snow melt (ca. 6.5 cm day™') with respect to the one in 2014 (ca.
4.5 cm day™), resulting in potentially larger daily snowmelt fluxes. Unfortunately, the lack of
continuous measurements of the pond water level does not allow us to deepen the analysis on this

process.

4.2 Mid-summer: snow-free season

In 2014, after the July peaks, a decline in NOs~ concentrations was observed until reaching the
minimum values at the end of August (ca. 3 umol L). Concurrently with the NO3s~ decline, a
gradual increase in water temperature was measured. The significant negative correlation between
water temperature and NOs™ in 2014 suggests that the biological processes consuming N (e.g., plant
uptake and microbial immobilisation), that take place in the pond and in the catchment, played a
fundamental role in the nitrate dynamics. A number of studies reported summer relative low values
of NOz™ in alpine forest streams, highlighting the importance of soil biological community in the
retention and loss of N and therefore the strict connection between soil and waters in mountain
ecosystems (e.g., Balestrini et al., 2006; Helliwell et al., 2007; Curtis et al., 2011). In agreement
with these findings, Balestrini et al. (2013) showed a strong positive relation between the areal
extension of developed soils and the retention of N in running waters over the treeline.

A growing number of studies (e.g., Roberts et al., 2007; Pellerin et al., 2012; Beaton et al., 2017)
have shown that in-stream and in-lake processes can also be important drivers of water nutrient
concentrations. For instance, Pellerin et al. (2012) and Beaton et al. (2017) attributed the nitrate diel
cycles (amplitude 1-2 umol LY, detected in a forest stream and in a proglacial lake, to the
biological uptake directly linked to autotrophic production. Photosynthesis provides supplementary
energy that can be used by biological communities to lessen nitrate for use in metabolism and

biosynthesis (Roberts et al., 2007). In lentic systems like ponds, the biological processes occurring
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within the water column and in the sediments should be even more important compared to lotic
waters. In addition, the lack of tree shading and the high radiation intensity should be able to
enhance the photosynthesis in aquatic ecosystems over the treeline. The fact that in our case evident
nitrate diel cycles were not recorded might be attributable to the low sensitivity of the probe at very
low concentrations, which did not allow us to detect NO3~ variations like those expected as result of
autotrophic assimilation. Although the pond lacks the most evident examples of benthic primary
producers (e.g., submerged macrophytes and macroalgae), the findings of Mania et al. (2019, 2021)
demonstrated the presence of higher proportions of cyanobacterial sequences in the deepest area of
the pond and attested that photo- and chemolithoautotrophic bacteria may represent an important
component of the total benthic microbial community. Finally, during the entire mid-summer period,
rainfall events (cumulated rain: 110 mm) did not strongly affect turbidity (and NO3z~
concentrations), which remained low and stable, possibly indicating a poor hydrological connection
between the catchment and the pond. Thus, it is possible to hypothesise that bacterial processes in
the pond played a major role in driving the nitrate temporal evolution during the snow-free season,
despite a water temperature lower than +11 °C. Another process potentially responsible for the
NOsz~ removal is denitrification in pond sediments. However, the quantification of ambient
denitrification rate is critical and a relevant gap of knowledge exists concerning this process in
small oligotrophic lakes/ponds with very low N concentrations (Seitzinger et al., 2006). Some
studies performed in cold and oligotrophic environments (Myrstener et al., 2016; Vila-Costa et al.,
2016; Palacin-Lizarbe et al., 2018) reported denitrification rates falling in the low range of
freshwater sediments (Seitzinger, 1988; Pifia-Ochoa and Alvarez-Cobelas, 2006)

The snow-free season 2015 started one month earlier with respect to the 2014’s one. During the
first two weeks of July, the water temperature increased rapidly (up to ca. +13 °C), while NOs~
concentrations reached their minimum values (ca. 3 umol L) approximately a month and a half

earlier compared to the previous year. The first rain event, after several consecutive dry days,
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resulted in a higher and faster NO3~ (15 pmol L) and turbidity (29.7 FTU) peak with respect to the
one recorded in July 2014. The rapid decline of both parameters in the following days, when the
water temperature was relatively stable, could be attributed to the exhaustion of the N source, such
as the organic soils (Schlesinger, 1997; Campbell et al., 2002; Burns et al., 2019) located around the
pond (Colombo et al., 2020).

The NOz~ temporal evolution after the probe malfunction (31 July) was investigated by
considering the weekly grab samples. In particular, one more NOz~ peak (14 pmol L) was
measured on 13 August, after a heavy rain event that occurred between 8 and 10 August (cumulated
rain: 115 mm). The higher soil temperatures measured in 2015 close to the pond (Freppaz et al.,
2019) might have enhanced the microbial activity and therefore the mineralisation of organic matter
and nitrification (Rogora et al., 2008; Dawes et al., 2017; Donhauser et al., 2021), favouring the
release of nitrate during the precipitation events. Enhanced mobilisation due to stronger
evapoconcentration in the soil under previous drier conditions might have also played a role (Knapp
et al., 2020). Moreover, in addition to the meteorological conditions during the summer season, also
the previous snow-covered season might have contributed in influencing the nutrient dynamics in
soil and surface water in the area (Freppaz et al., 2019). Specifically, Magnani et al. (2017)
demonstrated that a short snow-cover duration, like the one recorded in 2015, may increase soil
temperature and substrate availability during the subsequent growing season, favouring soil
microbial biomass.

Other processes might have contributed in supplying NOz~ to the pond during and after the
rainfall events, although they were considered of minor importance. For instance, Colombo et al.
(2018b, 2019a) showed the role of rainfall in enhancing the export of NO3~ from the rock glacier.
However, the authors also estimated that the hydrochemical influence of the rock glacier on the
overall pond was limited in frequency and magnitude, and it was not likely to affect the entire pond

in terms of hydrology and water chemistry. The contribution of a direct atmospheric input of NO3~
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to the pond water cannot be excluded neither. However, taking the mid-August 2015 event as an
example, the NOs~ peak concentration in pond water (14 umol L) was above the mean NOs~
concentration measured in rain in the area (10 pmol L-1) and during the rain event itself (12.7 pmol
L), as reported by Colombo et al. (2019a). In addition, previous studies in this area have shown
that physical and chemical processes occurring in the catchments, rather than direct precipitation
contributions, are likely the predominant drivers in determining nitrate concentrations, and their
seasonal variations, in surface waters (Magnani et al., 2017; Colombo et al., 2019a,b; Freppaz et al.,

2019).

4.3 Late summer-fall transition

The behaviour of NO3z™ during September and October 2014 was the opposite of that observed in
the previous two months. Indeed, increasing NOs~ concentrations, in conjunction with decreasing
water temperatures, were observed. Some rain events interrupted the gradual evolution of both
parameters with sharper changes depending on rainfall intensity and duration. Turbidity also
showed a response to the latest rain events, although its response occurred later and was weaker
compared to the one of NOs~. The available weekly data exhibited a similar NO3z~ pattern in 2015.
Indeed, the NO3~ concentration increased from 3.7 pmol L™, at the beginning of September, to 6.4
umol L7, after a month. The NO3~ concentration at the end of the season was comparable to that
recorded in 2014, suggesting a sort of stability in the processes characterising this aquatic
ecosystem. This nitrate behaviour during the late summer-fall transition phase is coherent with the
findings of Freppaz et al. (2019) in a nearby pond, and with similar reports from alpine tundra
(Sickman at al., 2003; Balestrini et al., 2013; Williams et al., 2015a) and alpine forest areas
(Balestrini et al., 2006; Rusjan and Mikos, 2010). The common hypothesis explaining the increase
in nitrate is the slowdown of the biologically-mediated immobilisation processes in soil, due to

colder soil temperature at the end of summer. In these conditions, the possible transfer of nitrate to
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the pond depends on rainfall occurrence. In addition, the temperature decrease can affect the in-
pond nutrient uptake (cf., Roberts et al., 2007), also lowering the photosynthetic activity.
Consequently, the autotrophic community might play a role in N retention during this season
(Rusjan and Mikos, 2010; Oleksy et al., 2021).

Nitrate increase due to simple concentration as a result of evaporation might be also considered.
However, in this phase of the season, the increases of NOs~ were observed during colder
atmospheric periods. In addition, the distribution of the stable water isotopic data was consistent
with the NIMWL. Thus, results suggest that evaporation can be considered a negligible process in
isotope fractionation in the pond, since it would have caused an enrichment in §%0 and a
subsequent decrease in the distribution slope with respect to the NIMWL. It is also true that, in both
years, the water level of the pond, measured on a weekly basis by Colombo et al. (2018a),
progressively decreased from June/July to October, thus this might seem to point towards a role of
evaporation, considering the lack of stable pond outflows. However, this water level decrease was
found to be mostly driven by a sub-surface seepage at the pond bottom, where a minor fault zone in
bedrock is located, characterised by altered and highly-fractured rocks (Colombo et al., 2018a).
Finally, isotopically-enriched groundwater (cf., Fan et al. 2022), possibly nitrate-concentrated,
might also have provided a higher contribution in late summer-early fall (cf., Hayashi, 2020).
Unfortunately, the contribution of groundwater, that was not sampled in this study since no
groundwater springs are present in the analysed catchment, is not easy to disentangle when dealing
with high-elevation lakes and ponds, especially in the absence of stable surface inflows/outflows
(cf., Langston et al., 2013), like in the study site. Thus, the role of groundwater in supplying NO3~

in this high-elevated setting must be further investigated.

4.4 Environmental implications and research/operative perspectives
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The complex interplay between rainfall, snow melt, and temperature (water and air) during the
summer season showed the capability to drive daily and seasonal NOsz~ concentrations in the
investigated pond. In the European Alps, significant increases in air temperature (Gobiet et al.,
2014) and snow line elevation (Koehler et al., 2022), as well as reductions in snow cover duration
(Klein et al., 2016), snow depth (Matiu et al., 2021), and snow water equivalent (Marty et al., 2017;
Colombo et al., 2022; 2023), have occurred in the last decades. These occurrences are expected to
become even more dramatic in the future (Gobiet et al., 2014; Beniston et al., 2018). Regional
climate model simulations also indicate that summer rainfall at Alpine high elevations will increase
due to global warming, despite the expected large-scale precipitation reduction (Giorgi et al., 2016)
and drought event increases (Spinoni et al., 2018), together with potential increases in heavy
precipitation and hot temperature extremes (Scherrer et al., 2016). Furthermore, rain-on-snow
events are also predicted to increase in the next decades (Beniston and Stoffel, 2016).

The alteration of the hydrological cycle induced by climate change (e.g., changes in runoff peak
and timing together with modifications in the water residence time) could have a great influence on
both N input and removal to/from aquatic ecosystems (e.g., Baron et al., 2013). In addition, during
dry periods, leaching of NO3z~ from soils is reduced/absent due to low hydraulic conductivity in the
soil profile. As a consequence, the residence time of potentially leachable N in soils (and its plant
uptake) as well as microbial immobilisation could increase. Then, this N temporally stored in soils
could be mobilised (NOs~) / mineralised (organic N) and leached in the following wet periods. In
the present study, the N dynamics were analysed and compared in two years characterised by
extremely different meteoclimatic conditions and features that might be typical under the climate
change impacts, such as very high air temperature, heavy rainfalls, and rain-on-snow events. In
2015, a higher N supply to the pond was found, in the form of peaks due to rapid and intense
hydrological flows. These events occurred in the mid-summer phase when the biological N uptake

is commonly maximum and thus minimal NOs~ values are expected. This is even more evident if
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compared to the NOz~ dynamics in 2014, when the relatively stable meteoclimatic conditions during
mid-summer led to limited variations and low concentrations of NO3z~. Moreover, this study further
highlights the role of air and water temperature in controlling the N production and retention at
daily and seasonal time scale. In the snow-free season, when dry conditions occur and the pond is
therefore hydrologically disconnected from the catchment, water temperature could be used as a
robust predictor of pond water NOs~ concentration. Only by using an approach based on in-situ
high-frequency measurements it was possible to fully grasp both the effect of hydrological
processes and the role of in-lake nutrient biological retention processes in the N dynamics in the Col
d’Olen Rock Glacier Pond, representative of ultraoligotrophic water bodies in alpine tundra.
Finally, the high-resolution temporal assessment of nitrate dynamics could also avoid potentially
misleading comparisons of water chemistry collected through synoptic surveys during different
seasons and years, and improve the understanding of the connections between surface water, soil
water and groundwater in these remote environments.

Future work could take into consideration the use of longer measuring path lengths to increase
the accuracy and sensitivity of the UV-Vis probe at these low concentrations, which are at the
lower end of the probe measurement range. In addition, performing local calibrations using samples
taken from the actual water investigated will help account for the matrix effect and thus further
increase the measurement accuracy. In this context, a consistent number of samples (for instance,
40-50, half for calibration and half for validation) could be collected in order to improve the probe
performance assessment, also taking into account a possible wider range of nitrate concentrations.
However, considering a weekly sampling plan and the fact that ponds like the one analysed in this
study are typically ice-free for a limited amount of time (maximum 3/4 months), the collection of a
large number of samples would require the in-situ maintenance of the probe for three or more ice-
free seasons, which could be hard to perform is such highly elevated remote areas. Thus,

alternatively, a focus on shorter periods could be recommended, such as during the snow-ionic
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pulse (if the ice conditions on the pond will allow the installation of the probe), late snow melt, in-
lake retention conditions during period with poor hydrological connection, or single months for the
monitoring of possible heavy rain events; in turn, a larger number of samples could be collected,
even on a daily basis. Finally, performing measurements with a greater sensitivity is considered
necessary to properly investigate the diel variability of nitrate in order to verify the occurrence of a
retention process strictly connected to the photosynthesis (e.g., autotrophic assimilation). In this
regard, the high-frequency measurement of Oz to explore the extent of diel variations and to record

the groundwater inflow would be beneficial for supporting the interpretation of the NO3z™ analysis.

5 Conclusions

This study reports on the first use of a UV-Vis submersible spectrophotometric probe in
association with weekly analyses of NOs™-N and stable isotopes of water (5'%0 and 8%H), together
with continuous meteorological, water temperature and turbidity measurements, in a high-elevation
pond in alpine tundra. The proposed approach allowed disentangling the complex effects, and their
interplay, of snow melt, temperature (air and water), and summer rainfall on nitrate dynamics. In
particular, snow-melt duration and temperature fluctuations drove the nitrate variations on a
seasonal basis, also determining the timing of the seasonal transitions. However, short-duration
meteorological events (lasting even few hours), such as heavy rainfalls and rain-on-snow events,
deeply disrupted these dynamics, in the form of NOs~ peaks due to rapid and intense hydrological
flows, which lasted up to few days/weeks. The effects of these hydrological events were properly
assessed thanks to the use of in-situ high-frequency measurements, which also allowed to better
define the role of in-lake nutrient biological retention processes in the N dynamics in the
investigated ultraoligotrophic pond. Therefore, high-resolution temporal monitoring of nitrate
dynamics may contribute to a better understanding of the biogeochemical processes occurring in

these remote, yet highly sensitive environments. Ultimately, this could help predicting how the
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quality of high-elevation surface waters will respond to changing climate and related climate
extremes (e.g., reduction in snow-cover duration and increases in magnitude and frequency of

heavy rainfall events).
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Figure 1. (a) Location of the study area in Italy. (b) Elevation map of the study area showing the
extent of the catchment, the Col d’Olen Rock Glacier, and the Col d’Olen Rock Glacier Pond. (c)
Aerial view of the Rock Glacier Pond system and location of the UV-Vis probe (green polygon) on
the southern side of the pond (cyan polygon) (aerial image year 2006, coordinate system WGS 84 /
UTM zone 32N). (d) Image of the probe used in this study. Details of the probe installation site: (e)
installation in the pond, (f) on-shore installation with electrical and solar panels, and (g) internal

view of the electrical panel, with pressurised air system and battery.
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Figure 2. Daily air temperature, water temperature, rain, and snow depth in (a) 2014 and (b) 2015.
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high correlation with 32H). NOs™-N concentrations in grab samples in (e) 2014 and (f) 2015.
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909  Figure 3. Dual-plot isotope distribution showing pond, snow and rain data. For pond samples,
910  different colours identity the sampling months (from June to October). NIMWL: Northern Italian

911  Meteoric Water Line.
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913  Figure 4. Scatterplot of grab samples against the values predicted by the linear regression model
914  with confidence levels at 95 % (n = 18, r = 0.83, p < 0.01). The inset shows the normal quantile-
915  quantile plot of residuals of the final regression model (x axis: theoretical quantiles; y axis: residual

916  quantiles).
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Figure 5. Daily air temperature, water temperature, rain, and snow depth in (a) 2014 and (b) 2015
(meteoclimatic conditions are shown in Fig. 2 and here to enhance the interpretation of the NOz™-N
and turbidity variations measured by the probe). Daily NOs™-N concentrations and turbidity
estimated by the probe in (c) 2014 and (d) 2015. Red windows in panels ¢ and d refer to panels a—d

in Fig. 6.
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Figure 6. Three-hourly rain, water temperature (when available), and NOs™-N concentrations and
turbidity estimated by the probe in four selected periods: (a) 14 — 22 July 2014 (water temperature
was not measured in this period), (b) 20 August — 3 September 2014, (c) 15 — 23 September 2014,

and (d) 20 — 25 July 2015.
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