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Abstract

The standard model for aquatic ecosystems is to link hydrologic connectivity to dissolved organic carbon
(DOC) concentration and dissolved organic matter (DOM) composition and, ultimately, reactivity. Studies
across effective precipitation gradients have been suggested as models for predicting how carbon cycling will
change in Arctic aquatic ecosystems with projected drying (i.e., reduced hydrologic connectivity). To evaluate
links between DOM dynamics and hydrologic connectivity, 41 stream samples from Greenland were analyzed
across an effective precipitation gradient for DOM optical properties and elemental composition using
ultrahigh-resolution mass spectrometry. Sites with negative effective precipitation and decreased hydrologic
connectivity exhibited elevated specific conductivity (SpC) and DOC concentrations as well as DOM com-
position indicative of decreased hydrologic connectivity, for example, lower aromaticity, assessed using
carbon-specific UV absorbance at 254 nm, decreased relative abundances of polyphenolic and condensed
aromatic compounds, and increased relative abundances of highly unsaturated and phenolic compounds. Allo-
chthonous inputs decreased as the summer progressed as exhibited by decreases in aromatic compounds. A
decrease in molecular richness and N-containing compounds coincided with the decrease in allochthonous
inputs. DOC concentrations increased over the summer but more slowly than SpC, suggesting degradation pro-
cesses outweighed combined evapoconcentration and production. The patterns in DOM composition suggest
evapoconcentration and photodegradation are dominant controls. However, when hydrologic connectivity was
high, regardless of effective precipitation, DOM reflected allochthonous sources such as snowmelt-fed wetlands.
These results highlight the challenges of modeling carbon cycling in aquatic ecosystems across effective precipi-
tation gradients, particularly those with strong seasonality and regional variability in hydrologic inputs.

Dissolved organic matter (DOM) comprises a complex mix-
ture of compounds from new production and degradation
by-products from allochthonous and autochthonous sources.
Allochthonous DOM originates from outside the aquatic sys-
tem, typically from soil and litter, is enriched in aromatic
structures, and exhibits high C/N ratios. Autochthonous DOM
is internally produced usually by algae or macrophytes, is rela-
tively enriched in aliphatics, and generally exhibits a low C/N
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ratio (Findlay and Sinsabaugh 2003; Kellerman et al. 2018).
DOM has a multifunctional role in aquatic ecosystems; for
example, DOM is the base of the microbial food web (Pace
et al. 2004), binds and affects the reactivity of metals (Aiken
et al. 2011), and protects aquatic fauna from UV radiation
(Molot et al. 2004). DOM composition has been linked to
reactivity and ultimately its fate in the environment (Sun
et al. 1997; Stubbins et al. 2010; Kellerman et al. 2015).
Despite regional variance, dissolved organic carbon (DOC)
concentration covaries globally with chromophoric DOM
(CDOM,; e.g., absorbance at 350 nm) (Massicotte et al. 2017).
In boreal and Arctic systems, DOC concentrations and CDOM
are often tightly linked due to dominant allochthonous inputs
(Spencer et al. 2009; Stedmon et al. 2011; Kothawala et al.
2014; Mann et al. 2016), characterized by high carbon-specific
UV absorbance at 254 nm (SUVA;s4), a proxy for aromaticity
determined by '*C NMR (Weishaar et al. 2003).
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Aquatic ecosystems in semiarid environments typically
exhibit elevated DOC concentrations and low SUVA,s, values,
a deviation from the global positive association found
between DOC concentration and CDOM content (Curtis and
Adams 1995; Anderson and Stedmon 2007; Osburn et al.
2011; Bogard et al. 2019). This relationship has been postu-
lated to be due to the hydrologic disconnection between these
aquatic systems and their catchments, where soil water does
not interact with surface waters that enter streams and lakes
(Good et al. 2015). In regions with low precipitation and high
rates of evapotranspiration, low amounts of runoff limit the
mobilization of DOM and nutrients from the catchment to
aquatic systems (i.e., low connectivity = limited new allo-
chthonous inputs). Additionally, limited runoff, low precipita-
tion, and high evapotranspiration result in increasing water
residence times in semiarid systems, allowing more time for
photodegradation and in situ production of DOM (Osburn
et al. 2011; Saros et al. 2015). The extent of hydrologic discon-
nection and evaporation can be evaluated using stable water
isotopes; 8'80 becomes enriched faster than 8D due to evapo-
ration, resulting in a local evaporation line (LEL) with a lower
slope than the Global Meteoric Water Line (Craig 1961;
Brooks et al. 2014; Good et al. 2015). Effective precipitation
(the difference between precipitation and evapotranspiration)
is negative near the Greenland Ice Sheet (—150 mm yr~') and
positive near the coast (+150 mm yr~') (Hasholt and Sggaard
1978). Thus, drainage from the deglaciated watersheds in
western Greenland is controlled by an effective precipitation
gradient, making it an ideal location to study the controls of
DOC concentration and DOM composition across hydrologic
regimes in the Arctic (Osburn et al. 2017).

Little is known about how DOM is produced and processed
in these watersheds. Decreases in DOC concentrations over
the past decade have been linked to increases in soil ionic
strength (Saros et al. 2015), which suggests DOC concentra-
tion is controlled by allochthonous inputs, and the associated
low CDOM content is a result of photobleaching and micro-
bial degradation rather than autochthonous production. Alter-
natively, a decrease in terrestrial inputs could allow for
autochthonous production to dominate the DOM pool. Weak
connectivity between aquatic systems and their catchments
could result in higher autochthonous contributions particu-
larly as the summer season progresses, potentially from ben-
thic production, which has been found to account for > 80%
of primary production in shallow oligotrophic lakes in Green-
land (Vadeboncoeur et al. 2003). However, high contributions
of benthic primary production is typical of Arctic lakes with
low DOC concentrations and low CDOM (Ask et al. 2009),
whereas lakes in semiarid western Greenland exhibit elevated
DOC concentrations with relatively low CDOM content
(Anderson and Stedmon 2007).

DOM is the most important intermediary in the global car-
bon cycle (Battin et al. 2009) and comprises 83% + 11% of
the organic matter pool exported from Arctic rivers
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(McClelland et al. 2016). Linking DOM composition to
sources and processing has been a major goal of DOM biogeo-
chemistry since the 1990s (e.g., Sun et al. 1997; McKnight
et al. 2001). The source and degree of processing of DOM can
be inferred using absorbance and fluorescence characteristics;
however, deducing DOC concentrations and DOM sources
from optical properties can be problematic in systems with
long water residence times (Helms et al. 2008; Fellman et al.
2010). For example, the weak relationship between DOC con-
centration and CDOM in the St. Lawrence River is due to long
residence times in the Laurentian Great Lakes, which allows
for extended DOM processing and increased inputs of DOM
from in situ production, and renders estimating DOC concen-
tration from CDOM inappropriate (Spencer et al. 2012).
Advances in data processing have allowed the application of
ultrahigh-resolution Fourier transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS) to environmental dat-
a sets where we can link DOM composition to sources and
processing. Polyphenolic and condensed aromatic compounds
are linked to terrestrial sources (Kellerman et al. 2014, 2018)
and are particularly susceptible to photodegradation (Gonsior
et al. 2009; Stubbins et al. 2010). Microbial and algal produc-
tion of DOM has been linked to aliphatic, N- and S-containing
compounds (Osterholz et al. 2016; Noriega-Ortega et al. 2019).
Microbial communities are capable of degrading several types
of compounds with a preference for energy-rich aliphatic com-
pounds (D’Andrilli et al. 2015; Spencer et al. 2015; Mostovaya
et al. 2017).

In this study, we examine the sources of DOM across an
effective precipitation gradient in western Greenland and
throughout a summer season using optical properties and FT-
ICR MS. We utilize widely accessible, inexpensive, and high-
throughout optical analyses in conjunction with ultrahigh res-
olution mass spectra analyses, to assess the detailed molecular
composition of DOM beyond changes in aromaticity. Addi-
tionally, this is the first study to assess the detailed molecular
composition of DOM in these atypical aquatic ecosystems of
southwest Greenland. We establish whether the high DOC
concentrations and low SUVA;s, values that occur in regions
with negative effective precipitation result: (1) from the pho-
tobleaching and photo-enhanced biodegradation of terrestrial
DOM; or (2) from the production of relatively aliphatic and
heteroatomic enriched autochthonous DOM. We aim to estab-
lish a link between detailed molecular composition and effec-
tive precipitation and hypothesize that aquatic ecosystems in
regions with negative effective precipitation will be the least
aromatic (assessed using SUVAjss, and FT-ICR MS derived
polyphenolic and condensed aromatic compound groups) and
decrease throughout the summer, as allochthonous inputs
decrease and evapoconcentration extends residence times
allowing for ongoing photodegradation and additional in
situ production. Furthermore, we hypothesize that DOM in
regions with positive effective precipitation will have higher
aromaticity, indicating greater delivery of allochthonous DOM
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due to greater hydrologic connectivity. However, we expect
sites that exhibit seasonal variability in hydrologic connectiv-
ity to deviate from these patterns, with high aromaticity and
high DOC concentrations, as snowmelt connects DOM-rich
wetlands at the onset of summer. Ultimately, delineating
sources and processing of DOM across an effective precipita-
tion gradient is required for understanding how aquatic eco-
systems will respond to ongoing climate change.

Methods

Sampling sites and sample collection

Stream samples were collected between 05 June 2013 and
30 July 2013 (n = 41), 10 of which were taken from lake out-
lets, across five regions between Sisimiut (66.94°N, 53.67°W)
on the west coast of Greenland to Isunngua (67.01°N,
50.69°W) near the ice sheet (Fig. 1; Table 1). All watersheds
are disconnected from the Greenland Ice Sheet by a hydro-
logic divide. The area is underlain by Archean orthogneisses of
the Nagssugtogidian Mobile Belt and covered by shrubby veg-
etation and grasses, which increase toward the coast where
precipitation is higher.

Sampling regions were grouped a priori into two categories
based on regional effective precipitation, where the inland sites
(Qorlortoq, Lake Helen, and Isunngua; GL1-GL31; Fig. 1;
Table 1) and the coastal sites (Sisimiut and Nerumaq; GL32-
GL41; Fig. 1; Table 1) experience negative and positive effective
precipitation, respectively. The boundary between positive and
negative effective precipitation occurs ~ 52°W, halfway
between the coast and the ice sheet (Hasholt and Segaard 1978;
Anderson et al. 2001). Sites with negative effective precipitation
receive ~ 150 mm yr~! of precipitation and lose ~ 300 mm yr~!
through evapotranspiration (GL1-GL31). Sites with positive
effective precipitation receive ~ 300 mm yr~' of precipitation
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and lose ~ 150 mm yr~! through evapotranspiration (GL32-

GL41). Samples were collected three times throughout the
summer to assess temporal impacts of negative effective precipi-
tation on DOC concentration and DOM composition in the
Lake Helen (n = 4) and Isunngua regions (n=1).

The detailed sampling protocol is described in Scribner
et al. (2015). Briefly, a YSI Pro Plus sonde was used to measure
water temperature, pH, dissolved oxygen, and specific conduc-
tivity (SpC). Filtered water (0.45 ym trace metal grade Geotech
dispos-a-filter Versapor® filter capsules) was collected for water
isotopes, DOC concentration, and DOM composition. Sam-
ples for DOC and DOM analyses were collected in muffled
amber glass bottles and DOC samples were acidified with HCI
to pH 2 and stored at 4°C in the dark.

Water isotopes

Water isotopes (8D and 8'®0) were measured using a
Picarro L2120-I Isotopic Liquid Water & Certified Continuous
Water Vapor Analyzer with a Picarro A0211 High Precision
Vaporizer and CTC HTS PAL autosampler. Results are reported
as per mil compared to Vienna Standard Mean Ocean Water
(VSMOW). Repeated analyses of an in-house standard had a
coefficient of variance of 4% for §'*0 and 8% for 5D.

DOC concentration and DOM optical characterization
DOC concentrations were measured by high-temperature
catalytic oxidation using a Shimadzu TOC-Vcsy/csny (Guo
et al. 1994). DOC concentration measurements were bracketed
with standard curve measurements and crosschecked against a
deep seawater reference (Carbon Reference Materials, Univer-
sity of Miami, Rosenstiel School of Marine and Atmospheric
Sciences). Reported DOC concentrations are the mean of three
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Fig. 1. Map of sampling locations west of the Greenland Ice Sheet. Sites that were sampled in time series or where the markers would overlap are indicated
by sample numbers in the white lined black boxes. The transition from west to east between positive (Sisimiut and Nerumaq) to negative precipitation
(Qorlortoq, Lake Helen, and Isunngua) occurs at approximately 52°W (dotted line as per Anderson et al. 2001). In the online version, colored boxes denote

the sampling regions. [Color figure can be viewed at wileyonlinelibrary.com]
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Table 1. Site names, location, sampling dates, coordinates, and evaporative conditions for sample sites

Sample name Region Date Latitude  Longitude  Specific conductivity @S cm™")  8'80 %o* 8D %o*
GL1 Isunngua' 05 Jun 13 67.1496 ~50.0666 31.7 -18.7 -140.1
GL2 Isunngua' 13 )ul 13 67.14962 —-50.06663 88.3 -11.8 -116.8
GL3 Isunngua' 30 Jul 13 67.14962 —50.06662 111.4 -11.8 -118.3
GL4 Isunngua 05 Jun 13 67.14846 —-50.06752 74.4 -18.0 -138.9
GL5 Isunngua 05 Jun 13 67.14771 —-50.06752 75.1 -18.1 -139.2
GL6 Isunngua 05 Jun 13 67.14393 —-50.06755 80.8 -18.2 -139.8
GL7 Isunngua 08 Jun 13 67.15203 —50.08381 66.8 -16.0 -130.9
GL8 Isunngua 08 Jun 13 67.14869 -50.07993 57 -17.3 -137.0
GL9 Lake Helen" 09 Jun 13 67.02335 —~50.82552 55.4 -11.6 -108.0
GL10 Lake Helen" 12 Jul 13 67.02341 —-50.82574 102.3 -10.2 -101.3
GL11 Lake Helen" 28 Jul 13 67.02341 -50.82575 115.2 -10.1 -101.6
GL12 Lake Helen" 09 Jun 13 67.01692 -50.8562 75 -12.5 —111.1
GL13 Lake Helen" 12 )ul 13 67.0156 —-50.86085 124.7 -11.3 -107.3
GL14 Lake Helen" 28 Jul 13 67.0156 —~50.86085 180 -12.2 -111.3
GL15 Lake Helen" 09 Jun 13 67.00815 —-50.87608 110.7 -12.1 -110.2
GL16 Lake Helen" 12 Jul 13 67.00816 -50.87609 133.3 -11.5 -107.4
GL17 Lake Helen" 28 Jul 13 67.00816 —50.87609 162.6 -12.0 -110.4
GL18 Lake Helen¥ 11 Jun 13 66.98958 —-50.93108 107.4 -10.7 -103.8
GL19 Lake Helen 12 Jul 13 66.98944 —-50.93128 198.2 -11.0 -106.3
GL20 Lake Helen¥ 28 Jul 13 66.98943 -50.93122 257.6 -13.1 -116.1
GL21 Qorlortoq 22 Jul 13 67.03515 -51.36023 183.2 -10.0 -98.6
GL22 Qorlortoq 22 Jul 13 67.02866 -51.36569 212.9 -10.0 -97.9
GL23 Qorlortoq 21 Jul 13 67.01822 —-51.43164 243.9 -9.9 -98.4
GL24 Qorlortoq 21 Jul 13 67.0089 —-51.46678 373.6 -9.5 -96.8
GL25 Qorlortoq 19 Jul 13 67.03016 —51.28801 191.4 -15.4 -122.4
GL26 Qorlortoq 19 Jul 13 67.033 —51.28466 194.3 -14.9 -119.6
GL27 Qorlortoq 20 Jul 13 67.03957 —51.34821 215 -9.8 -98.3
GL28 Qorlortoq 20 Jul 13 67.0525 -51.33503 150.2 -9.8 -97.3
GL29 Qorlortoq 20 Jul 13 67.04418 -51.34759 158.4 -9.9 -98.1
GL30 Qorlortoq 21 Jul 13 67.01581 —-51.39448 301.9 -10.6 -100.3
GL31 Qorlortoq 23 Jul 13 67.0107 -51.36922 451.8 -9.4 -94.7
GL32 Nerumagq 30 Jun 13 67.01157 —52.86885 120.5 -15.8 -117.5
GL33 Nerumagq 30 Jun 13 67.0049 -52.9128 123.3 -15.8 -117.3
GL34 Nerumagq 02 Jul 13 67.00509 —52.96457 118 -15.8 -116.7
GL35 Nerumagq 01 Jul 13 67.01607 -53.03032 100.4 -15.9 -116.5
GL36 Nerumagq 26 Jun 13 67.02617 —-52.79885 46.8 -16.1 -118.5
GL37 Sisimiut 18 Jun 13 66.9501 —-53.45262 31.2 -15.0 -107.9
GL38 Sisimiut 23 jun13 66.97227 —53.4867 56.6 -14.8 -107.8
GL39 Sisimiut 19 Jun 13 66.96763 —-53.67804 38.9 -14.6 -102.1
GL40 Sisimiut 19 Jun 13 66.9641 -53.67577 45.8 -14.6 -102.5
GL41 Sisimiut 19 Jun 13 66.95554 -53.69738 48 -14.4 -101.8

Roman numerals indicate the sites sampled in a time series where numerals correspond to red numerals (I), orange (Il), green (lll), blue (1V), and purple

(V) numbers in the online color versions of Figures 24 and 6-8.

*8'80 %o and 8D %o are calculated as the deviation between sample water isotopes in comparison to Vienna Standard Mean Ocean Water in per

mil (%o).

replicate injections with a coefficient of variance of less than SUVA,s4 (Traina et al. 1990), was calculated as the absor-
2% (Mann et al. 2012).

Absorbance spectra were collected from 200 to 600 nm on tion (mg C L") and was corrected for absorbance from iron
a Shimadzu UV-1800 spectrophotometer using a 1-cm quartz (Weishaar et al. 2003; Poulin et al. 2014). Spectral slopes
cuvette. An indicator of the aromaticity of bulk DOM, were calculated by fitting an exponential equation to the

bance per meter at 254 nm normalized to DOC concentra-
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absorption spectra between 275-295nm and 350-400 nm
using:

a(2) = Adyeg )&~ SH ) (1)

where a(4) is the absorption coefficient of CDOM at a specified
wavelength, A.r is a reference wavelength, and § is the slope
fitting parameter (Helms et al. 2008; Spencer et al. 2012). The
slope ratio (Sg) was calculated as the ratio of the two spectral
slopes and has been linked to molecular weight and aromatic-
ity of DOM (Helms et al. 2008).

Excitation emission matrices (EEMs) were collected using a
Hitachi F-7000 fluorescence spectrophotometer across the emis-
sion range of 260-600 nm at 2 nm increments and excitation
wavelengths from 250 to 455 nm at 5 nm increments. Excita-
tion and emission slit widths were 5 nm and 2.5 nm, respec-
tively. EEMs were corrected for instrument specific bias and
inner filter effects using the drEEM toolbox for MATLAB
(Murphy et al. 2013). A four-component model was elucidated
using parallel factor analysis (PARAFAC) modeling and validated
using the split-half technique and by comparing spectra from
calibration and wvalidation data sets (Supporting Informa-
tion Fig. S1). We report the relative contribution of each PARA-
FAC component (i.e., percent of each component), a useful
metric for assessing optical properties of DOM, independent of
DOC concentration (Fellman et al. 2010; Kothawala et al. 2014).

Fourier transform ion cyclotron resonance mass
spectrometry

DOM was solid-phase extracted (SPE) to a target concentra-
tion of 40 ug C mL™'. SPE extractions were per Dittmar et al.
(2008) with the following modifications: 100 mg cartridges
(Agilent, Bond Elut PPL) were rinsed with high performance
liquid chromatography (HPLC) grade methanol, then left to
soak overnight containing methanol. Cartridges were drained,
rinsed with ultrapure water, methanol, and conditioned with
pH 2 ultrapure water. Acidified samples were passed through
cartridges based on DOC concentration; the volume ranged
from 1.7 to 57 mL of sample. Cartridges were rinsed with
pH 2 ultrapure water and dried with N, gas. Samples were
eluted with methanol into precombusted amber glass vials
and stored at —20°C until analysis. Samples were analyzed on
a custom-built FT-ICR MS equipped with a passively shielded
9.4 T magnet (Oxford Instruments, Abingdon, Oxfordshire,
U.K.) at the National High Magnetic Field Laboratory
(Tallahassee, FL, U.S.A.; Stenson et al. 2003; Kaiser et al. 2011).
Negatively charged ions were produced with electrospray ioni-
zation and infused directly at a flow rate of 700 nL min~".
Needle voltage was —2500 V. Each mass spectrum was the sum
of 100 transients.

Molecular formulae were assigned using previously
described guidelines (Koch et al. 2007) to peaks with intensity
> 60 root mean square baseline noise, using the in-house soft-
ware EnviroOrg©™. For this data set, 28,284 formulae were
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assigned within the molecular bounds of C;_45H;_92Np_401_25.
So_2- Relative abundance was calculated as the percent of each
peak to the total signal of all peaks in a sample. Molecular for-
mulae were classified based on elemental ratios and modified
aromaticity index (Alnhoq) (Koch and Dittmar 2006, 2016).
Al0q Was calculated for each formula using the equation:

DBEy 1+C-10-S-2(N+H)
Ca C-10-N-§

AImod = (2)

where C, H, O, N, and S correspond to the number of atoms

of each element in a formula, and only applies when
DBE,; and Cyj are greater than zero (Koch and Dittmar 2016).
Compound categories were delineated by the following
cutoffs: polycyclic and condensed aromatic compounds
(AlLihoa > 0.66), polyphenolic compounds (0.66 2 Al,oq > 0.5),
highly unsaturated and phenolic compounds (Al;0q < 0.5 and
H/C < 1.5), aliphatic compounds (2>2H/C>1.5, N = 0,
0/C £0.9), N-containing aliphatic compounds (2 2 H/C = 1.5,
N>0, O/C<0.9), or sugar-like compounds (H/C =1.5, O/C
> 0.9; Rossel et al. 2015). Molecular formulae describe FT-ICR
MS detected peaks of dissolved organic molecules but can rep-
resent numerous structural isomers (Hertkorn et al. 2007). The
use of the term “compound” refers to the compounds the
molecular formulae represent, not a particular structural iso-
mer, and is only used in reference to compound categories. N-
containing aliphatics and sugar-like compounds only
exceeded 1% of the relative abundance in one sample each,
and are not discussed.

Statistical analyses

Statistical analyses were carried out in R (R Core Team
2015). Data were tested for heteroscedasticity using the
studentized Breusch-Pagan test. If data were heteroscedastic, a
logyo transformation, Box-Cox transformation, or a Welch'’s
t-test that does not assume equal variances was applied. For
statistical tests, n = 41, except for the time series analyses,
where n = 15 (five sites were sampled in early June, early July,
and late July). Spearman rank correlation coefficients were cal-
culated between the relative abundance of molecular formulae
in each sample and SpC using the “Hmisc” package (Harrell
2016). Nonmetric multidimensional scaling (NMDS) was con-
ducted using the “vegan” package (Oksanen et al. 2011) on
variables that were scaled to a range of 0-1. Relationships were
considered significant with a false discovery rate (Benjamini
and Hochberg 1995) corrected p<0.05. To compare the
change in the ratio of DOC concentration to SpC throughout
the course of the summer in the five sites sampled in a time
series, site-specific standard scores (z-scores) were calculated
for the ratio of DOC concentration and SpC. This was done to
isolate the temporal changes from site-specific values. The
site-specific z-scores were calculated by centering to 0 and
standardizing to a standard deviation (SD) of 1, where the
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average DOC concentration to SpC ratio at each site was sub-
tracted from the individual observations, then divided by the
site-specific SD.
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Results

Evaporative conditions of aquatic ecosystems in West
Greenland

Water isotopes confirm the a priori-defined negative and
positive effective precipitation sites. Sites with positive effec-
tive precipitation exhibit water isotopes that fall along the
Global Meteoric Water Line (Fig. 2a), whereas sites with nega-
tive effective precipitation exhibit a clockwise shift away from
the Global Meteoric Water Line, reflecting evaporation.
Isunngua sites (red 1 and black diamonds in Fig. 2a) may seem
to fall on either line, but samples taken later in the season
(red 2 and 3) fall along the LEL of the region with negative
effective precipitation, a result of evaporation during the sum-
mer. This is typical of inundated aquatic systems during
freshet and the LEL is similar to that previously established for
the region (Leng and Anderson 2003; Gibson et al. 2008). This
site (red 1, 2, and 3 in Fig. 2¢) exhibited the greatest seasonal
change of the sites sampled in a time series.

SpC was highly variable with a mean + SD of 136.9 £+
92.1 uS cm™! (Table 1). Sites with positive effective precipita-
tion (GL32-GL41; n = 10; Fig. 1) exhibited lower and less vari-
able SpC (73.0£37.7 uS cm™!) than sites with negative
effective precipitation (157.6 +95.3 uScm™; n = 31; GL1-
GL31; Fig. 2b; p < 0.001). SpC increased over the course of the
summer season in sites where samples were taken in a time
series (R = 0.44, p <0.01, n = 15; Fig. 2¢), reflecting the
evapoconcentrative effects of negative effective precipitation.

DOC concentration and DOM optical characteristics

DOC concentrations ranged from 1.02 to 32.05 mgL™
(mean + SD: 11.50 + 7.43 mg L™}; Table 2). Sites with positive
effective precipitation exhibited lower and less variable DOC
concentrations (2.04 + 0.72 mg L™') than sites with negative
effective precipitation (14.56 + 5.82mgL™"; #32.7) = 11.7,
p <0.001; Fig. 3a). Box-Cox transformed DOC concentration

Fig. 2. Extent of evapoconcentration in aquatic systems west of the
Greenland Ice Sheet. (a) Water isotopes (8D against 5'%0 %o,
vs. VSMOW) exhibit samples came from sites with two distinct hydro-
logic regimes. The dashed line indicates the Global Meteoric Water
Line described by the equation 8D = 8.0 * §'80 + 10. The LEL (solid
line) equation is calculated from samples with negative effective precip-
itation. (b) SpC was lower in regions with positive effective precipita-
tion than negative and (c) increased over time at sites sampled in a
time series. In panel (c), the black line represents the regression line,
the solid gray and dashed gray lines represent the 95% confidence
and prediction intervals, respectively. In panels (a, c), symbols indicate
the site and numbers indicate sites sampled in time series. Sisimiut (cir-
cles) and Nerumaq (squares) regions have positive effective precipita-
tion, whereas Qorlortoq (triangles), Lake Helen and Isunngua (numbers
and black diamonds) regions have negative effective precipitation.
Online color version of this article differentiates sites taken in a time
series from the Lake Helen (orange, green, blue, and purple)
and Isunngua regions (red). [Color figure can be viewed at
wileyonlinelibrary.com]
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Fig. 3. DOC concentration and optical properties with evaporative state.
Panels show differences in (a) Box-Cox transformed DOC concentration,
(b) logio SUVA,s4, and (c) log-transformed Sg at sites with positive and
negative precipitation and with increasing log;o SpC. Regression equa-
tions are for transformed variables. Mean values in boxplots are indicated
by black filled circles and median values are represented by horizontal
white lines with the exception of DOC concentration in (a) where the box
is smaller than the width of the line. All other symbols and lines are as
described in Fig. 2. [Color figure can be viewed at wileyonlinelibrary.com]

increased weakly with SpC (R* = 0.09, p < 0.05, Fig. 3a), due to
high DOC concentrations observed in the Isunngua region at
low SpC. Excluding these sites, DOC concentration increased
significantly with SpC in a log-log fashion (R* = 0.46,
p<0.001). SUVA,s, ranged from 0.98 to 3.80 Lmg C™! m™*
(2.12 4+ 0.73 L mg C' m™"), and S ranged from 0.72 to 1.29

Effective precipitation controls on DOM

(0.89 £ 0.13; Table 2). Sites with negative effective precipita-
tion exhibited more extreme SUVA,s4 and Sg, despite lower
average SUVA,s, values (£(29.8) = —2.5, p < 0.05) and higher S
overall (t37.7) = 6.2, p <0.001). These optical properties were
significantly linked to SpC (p <0.001): SUVA,s,s decreased
with increasing SpC, whereas Sy increased (Fig. 3b,c).

PARAFAC analysis was used to deconvolute EEMs into four
components. Component 1 (C1) was a humic-like component
with excitation peaks at 250 and 330 nm and emission at
478 nm, previously identified as photo-reactive (Cory et al. 2007).
C2 was characterized as an autochthonous “microbial humic-
like” peak (Ex/Em = 250 and 320 nm/410 nm), similar to a com-
ponent that persists in boreal lakes with long water residence
times (Kothawala et al. 2014). Although C3 was characterized as
microbial humic-like peak (Ex/Em = 250 and 290 nm/378 nm), it
was blue-shifted compared to C2 and had a reduced excitation
and broader emission range, characteristics of CDOM photo-
degradation (Stedmon et al. 2007). C4 was considered an autoch-
thonous protein-like peak (Ex/Em: 270/302 nm), similar to the
tyrosine-like peak (Fellman et al. 2010). Component loadings are
found in Supporting Information Table S1 and Fig. S1. Total fluo-
rescence was positively correlated with DOC concentration
(R?=0.82, p <0.001). The percent contribution of C1 (%C1) com-
prised the largest fraction of fluorescence (mean + SD: 34.8% +
5.8%; Table 2) and decreased with increasing log;, SpC (R* = 0.38,
p < 0.001). Percentages of C2 and C3 (%C2: 30.9% =+ 2.5%; %C3:
26.5% + 6.0%; Table 2) increased with increasing logi;o SpC
(%C2: R* = 0.23, p < 0.001; %C3: R = 0.45, p < 0.001). However,
%C3 was higher in sites with positive effective precipitation,
whereas %C2 was not significantly different. %C4 (mean:
7.7% + 4.0%; Table 2) was higher in sites with positive effective
precipitation (p < 0.001), but the decrease in %C4 with log;o SpC
was not significant after correcting for heteroscedasticity due to
high variance at sites with low SpC.

Molecular composition from ultrahigh resolution mass
spectrometry

The molecular composition of DOM in aquatic ecosystems
in western Greenland, as determined by FT-ICR MS, was con-
sistent with the optical properties. For example, polycyclic
and condensed aromatic compounds as well as polyphenolic
compounds were positively correlated to SUVA,s,4 (polycyclic
and condensed aromatics: R* = 0.85, p < 0.001; polyphenolic
compounds: R* = 0.89, p < 0.001). Aliphatic compounds and
highly unsaturated and phenolic compounds were positively
related to Sy (aliphatic compounds: R*> = 0.28, p <0.001;
highly unsaturated and phenolic compounds: R* = 0.60,
p < 0.001).

The number of molecular formulae totaled 28,824, with
4039 molecular formulae common to all samples. Common
formulae (molecular formulae present in all samples) were
dominated by molecular formulae containing only the
elements C, H, and O (2783; 69%), whereas nonubiquitous
formulae were dominated by heteroatomic assignments
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(70%). Common CHON formulae were the second most abun-
dant (867), followed by CHOS (389). Common formulae were
dominated by highly unsaturated and phenolic compounds
(3106), then polyphenolic (547), aliphatic (184), and con-
densed aromatic formulae (168).

The number of molecular formulae was higher in areas
where effective precipitation was positive (13,760 £+ 2790)
than negative (10,240 £ 3170; p < 0.001). The number of for-
mulae decreased exponentially with increasing SpC reaching
an asymptote at ~ 7000 molecular formulae (R* = 0.62,
p <0.01 for all terms), that is, the molecular richness decreased
with SpC. The relative abundances of polyphenolic com-
pounds and polycyclic and condensed aromatic compounds
were elevated in sites with positive effective precipitation
(p <0.01 for both comparisons) and decreased exponentially
with increasing SpC (Fig. 4a,b). Highly unsaturated and phe-
nolic compounds were elevated in sites with negative effective
precipitation, increased exponentially with SpC, and reached
an asymptote at ~ 88% relative abundance (Fig. 4c). Aliphatic
compounds represent a small fraction of the total relative
abundance (< 4%) and did not vary significantly with SpC
(Table 2). The percent of formulae in the CHO (55% =+ 7%),
CHON (32% + 6%), CHOS (12% + 2%), and CHONS (1% +
1%) classes did not differ significantly between positive and
negative effective precipitation. Yet, all classes changed signifi-
cantly with log;o SpC: CHO and CHOS increased with
logio SpC (CHO: R* = 0.55, p<0.001; CHOS: R* = 0.29,
p<0.01) and CHON and CHONS decreased with log;o SpC
(CHON: R? = 0.65, p < 0.001; CHONS: R* = 0.53, p < 0.001).

A similar pattern can be observed when assessing the rela-
tionships between SpC and the relative abundance of individ-
ual molecular formula using Spearman rank correlation
(Fig. 5). Molecular formulae negatively associated with SpC
were predominantly aromatic compounds. Highly unsaturated
and phenolic compounds with O/C > 0.5 were positively asso-
ciated with SpC. N-containing condensed aromatic com-
pounds and polyphenolics were negatively associated with
SpC, and few N-containing compounds were positively associ-
ated with SpC (Fig. 5b). S-containing compounds were similar
to CHO formulae where polyphenolic and condensed aro-
matic compounds were negatively associated with SpC, and
highly unsaturated and phenolic compounds with O/C > 0.5
were positively associated with SpC (Fig. 5c¢).

Changes in DOC concentration and DOM composition
over time

At sites sampled in a time series, log;o DOC concentration
increased (R*=0.29, p < 0.05; Fig. 6a). After correcting for statisti-
cally higher variance in SUVA,s, among sites at the beginning of
the season (Breusch-Pagan test for heteroscedasticity, p < 0.05),
SUVA,s, decreased significantly over time (R* = 0.22, p < 0.05;
Fig. 6b). In contrast, Sg did not change significantly over the sum-
mer (Fig. 6¢). No change in %C1-3 was observed over the

Effective precipitation controls on DOM

summer; only %C4 decreased over the summer (R? = 0.45,
p<0.01; Table 2).

Variance in contributions from different compound catego-
ries at sites taken in a time series was greatest early in the sum-
mer (Fig. 7). Decreases in relative abundances of polycyclic and
condensed aromatic compounds (R* = 0.32, p <0.05) and in
polyphenolic compounds (R* = 0.29, p < 0.05) over time were
significant after correcting for heteroscedasticity (Fig. 7a,b).
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Fig. 4. Changes in compound categories relative to evaporative state.
Panels show differences in (a) polycyclic and condensed aromatic com-
pounds, (b) polyphenolic compounds, and (c) highly unsaturated and
phenolic compounds with effective precipitation and SpC. Symbols and
lines are as described for Figs. 2, 3. [Color figure can be viewed at
wileyonlinelibrary.com]
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Fig. 5. Van Krevelen diagram showing the associations between individual
molecular formula and SpC. Significant (false-discovery rate adjusted p < 0.05)
Spearman rank correlation coefficients between SpC and (a) molecular formula
containing only C, H, and O, (b) those containing N and (c) those containing
S. Axes are the molar ratios of O/C and H/C for each molecular formula. Color
scale indicates the strength and direction of the Spearman correlation, either
negative (turquoise) or positive (purple). Lines approximately delineate com-
pound groups. CA, condensed aromatic compounds; HUP, highly unsaturated
and phenolic compounds; PP, polyphenolic compounds.
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Fig. 6. Changes in DOC concentration and optical properties over time.
Panels show differences in (a) log10 DOC concentration, (b) Box-Cox
transformed SUVA254, and (c) log10 SR over time. All sites sampled in a
time series have negative effective precipitation. Black lines represents
regression lines, and the solid gray and dashed gray lines represent the
95% confidence and prediction intervals, respectively. The online version
shows colors that indicate sites taken in a time series from the Lake Helen
(orange, green, blue, and purple) and Isunngua (red) regions. [Color fig-
ure can be viewed at wileyonlinelibrary.com]

Although highly wunsaturated and phenolic compounds
increased over the season, the Box-Cox transformation was not
successful in eliminating heteroscedasticity (Fig. 7c). The
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Fig. 7. The percent relative abundance of (a) condensed aromatics, (b)
polyphenolic compounds, and (c) highly unsaturated and phenolic com-
pounds over time. All relationships exhibited heteroscedasticity using the
Breusch-Pagan test, with higher variance earlier in the season. The
decrease in (a) and (b) was significant (p < 0.05) after correcting for
heteroscedasticity. The Box-Cox transformation of (c) was unsuccessful in
eliminating heteroscedasticity. Symbols are as described for Fig. 6. [Color
figure can be viewed at wileyonlinelibrary.com]

relative abundance of aliphatic compounds did not change
appreciably over time and neither did the relative contributions
of CHO, CHON, CHOS, and CHONS molecular formulae.
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Fig. 8. Nonmetric multidimensional scaling of dissolved organic mole-
cules from 41 aquatic systems west of the Greenland Ice Sheet. The
NMDS (stress = 0.04, k = 3) shows (a) relationships between sites based
on (b) DOM composition derived from FT-ICR MS, with optical and envi-
ronmental data fit to the ordination over 999 permutations. Sisimiut (cir-
cles) and Nerumaq (squares) regions have positive effective precipitation,
whereas Qorlortoq (triangles), Lake Helen (numbers), and Isunngua (num-
bers and diamonds) regions have negative effective precipitation. Num-
bers indicate sites that were sampled in a time series. HUPs (% RA), highly
unsaturated and phenolic compounds (% relative abundance). In the
online version, color is used to distinguish between sites sampled in a time
series as in Fig. 6. [Color figure can be viewed at wileyonlinelibrary.com]

Multivariate relationships

NMDS using Bray-Curtis dissimilarity showed a separation
along the first dimension between sites with high SUVA;s,
values and sites with high SpC and enriched water isotopes
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Fig. 9. Relative evapoconcentration of DOC concentration and SpC over
time as (a) original values and (b) z-scores. [Color figure can be viewed at
wileyonlinelibrary.com]

(stress = 0.04, k = 3; NMDS1; Fig. 8). The NMDS illustrated
how sites were related (Fig. 8a) based on the FT-ICR MS
derived molecular composition (Fig. 8b) and exhibited a non-
metric fit between observed dissimilarity and ordination dis-
tance with an R* = 0.99. The decrease in condensed aromatic
and polyphenolic compounds coincided with a decrease in
%C1 and an increase in the relative abundance of aliphatic
compounds and highly unsaturated and phenolic compounds
(Fig. 8). DOC concentration separated perpendicular to
SUVA;54 and SpC, on the second dimension (NMDS2). The
third dimension, while necessary for achieving convergence
with adequately low stress, did not reveal unique patterns.

Discussion

DOM composition across an effective precipitation
gradient

Aquatic ecosystems in the deglaciated landscape of western
Greenland have highly variable DOC concentrations and DOM
compositional characteristics, both across and within regions
(Figs. 3-5). Lakes in regions with negative effective precipitation
have long water residence times due to limited precipitation and
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runoff and elevated SpC caused by evaporative concentration
(Anderson and Stedmon 2007). Although SpC is not a control on
DOM composition, it reflects the balance between inputs and
evapoconcentration of solutes, and thus can be related to the
inputs of and processing undergone by DOM in these systems.

Long water residence times and extensive daylight hours in
the summer allow more time for in situ DOM production and
photobleaching to occur. Polyphenolic and condensed aromatic
compounds have been linked to terrestrial sources (Kellerman
et al. 2018). These highly aromatic, and thus, photoreactive dis-
solved organic molecules (e.g., Stubbins et al. 2010) would be
expected to decrease in number and relative abundance as SpC
increases, thereby increasing the relative abundance of less con-
jugated groups like the highly unsaturated and phenolic com-
pounds. Additionally, extended water residence times allow for
autochthonous production and microbial degradation of DOM,
leading to increases in molecular richness and the relative abun-
dances of aliphatic and N-containing compounds (Osterholz
et al. 2016). Molecular richness in these systems decreased with
increasing SpC, and while median values were similar, the inter-
quartile range was 3—-4 times wider to those previously reported
in a wide range of lakes and rivers (Kellerman et al. 2018). In sys-
tems with limited allochthonous inputs, microbial communities
have been hypothesized to support the observed molecular diver-
sity (Noriega-Ortega et al. 2019). However, studies in freshwater
systems have shown a decreasing molecular diversity with
increasing time in the hydrologic network (Kellerman et al. 2014;
Mosher et al. 2015), suggesting the variability of inputs in fresh-
water systems may control chemodiversity. As the variability of
DOM inputs decreases with hydrologic disconnection, molecular
diversity also decreases (Table 2). Because negative effective pre-
cipitation results in both high SpC through evapoconcentration
and compositional changes due to extended water residence
times, SpC explains = 70% of the variability in the condensed
aromatic, polyphenolic and highly unsaturated and phenolic
compound classes. These three classes account for > 90% of the
relative abundance of the molecular formulae in this data set
(Table 2; Fig. 4).

Across the effective precipitation gradient, DOC concentra-
tion increased weakly with SpC due to high variability at low SpC
(Fig. 3a), likely due to differing lateral inputs of meltwater in the
spring, amounts of vegetation within the catchment, and fring-
ing wetlands. The low DOC concentrations and SpC where effec-
tive precipitation is positive are typical of Arctic lakes (Seekell
etal. 2015; Osburn et al. 2017). Elevated DOC concentrations are
generally observed during spring freshet (Raymond et al. 2007;
Spencer et al. 2009; Stedmon et al. 2011) and in areas with high
mean annual precipitation (Kellerman et al. 2014). Runoff
increases with precipitation and snowmelt, and transports allo-
chthonous DOM and other nutrients into aquatic ecosystems
(Spencer et al. 2008; Raymond et al. 2016). Precipitation and
snowmelt may also recharge wetlands, which export high con-
centrations of aromatic DOM (Aitkenhead and McDowell 2000;
Spencer et al. 2013). Evaporation alone would increase DOC
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concentration concurrent with SpC, as evaporation in arid
regions acts as a perennial control of solute concentrations in the
absence of flooding (Wiklund et al. 2012; Bianchi et al. 2017).
The extent to which evaporation can influence DOC concentra-
tion depends on the water residence time (Jones et al. 2018).
Short water residence times are dominated by hydrologic flush-
ing such as at the sites with positive effective precipitation. Alter-
natively, factors associated with lengthened water residence
times, such as length of UV exposure and length of time for DOM
production and processing, could outweigh the effects of evapo-
ration on both DOC concentration and DOM composition. The
DOC concentrations in the sites sampled here were below the
median value observed in this region previously (Osburn et al.
2017), suggesting that the secondary effects of evaporative con-
centration in the Greenland watersheds with negative effective
precipitation as shown by the increased relative abundance of
highly unsaturated and phenolic compounds (Fig. 4c) may be
exacerbated further in closed basin systems.

Sources of DOM

DOM in aquatic systems in semiarid catchments is often
attributed to autochthonous sources (Anderson and Stedmon
2007; Osburn et al. 2011, 2017; Bogard et al. 2019). N-containing
compounds that were positively associated with SpC in our study
may be produced in situ, despite being less saturated than amino-
sugars (Rivas-Ubach et al. 2018). Alternatively, they may result
from incomplete photochemical degradation of N-containing
polyphenolic compounds (Stubbins et al. 2010; Stubbins and
Dittmar 2015). Few N-containing compounds were positively
associated with SpC (Fig. 5b), consistent with the high C/N ratios
previously attributed to allochthonous DOM sources in semiarid
lakes in Alberta (Curtis and Adams 19995). Aliphatic, N-con-
taining, and S-containing compounds detected by FT-ICR MS
have been linked to chlorophyll a (Osterholz et al. 2016), a proxy
for primary production. Aliphatic compounds have also been
found to be particularly susceptible to microbial degradation,
although microbial degradation has been linked to the loss of a
variety of molecular formulae (D’Andrilli et al. 2015; Spencer
et al. 2015; Mostovaya et al. 2017). The relative abundance com-
prised by aliphatic compounds in the current study was lower
than previously observed in lakes and rivers (Wagner et al. 2015;
Kellerman et al. 2018). While aliphatic compounds exhibit a pos-
itive loading on the first axis of the principal component analysis
(Fig. 8), they did not change significantly with SpC or over time,
suggesting there is a small (2% + 1% relative abundance) homeo-
static pool of aliphatic compounds microbially cycled in these
systems.

The fraction of N- and S-containing molecular formulae were
also similar to or lower than previously observed in lakes and riv-
ers (Spencer et al. 2014; Wagner et al. 2015; Kellerman et al.
2018), suggesting these sites are not anomalous in heteroatomic
composition. In this study, N-containing compounds associated
with SpC (n = 3895) were largely polyphenolic (45%) or con-
densed aromatic (23%) molecular formulae that negatively

13

Effective precipitation controls on DOM

covary with SpC (Fig. Sb). Many S-containing compounds associ-
ated with SpC (n = 1925) were polyphenolic (22%) and con-
densed aromatic (17%) molecular formulae that negatively
covary with SpC. However, highly unsaturated and phenolic
S-containing compounds associated with SpC (50%, n = 955)
were split between being negatively (53%) and positively (47%)
correlated with SpC (Fig. 5). S-containing compounds have been
linked to autochthonous production (Osterholz et al. 2016),
likely dominated by littoral macrophytes and benthic autotrophs
in these systems (Osburn et al. 2017). The dominance of
heteroatomic elements in nonubiquitous molecular formulae
has been attributed to anthropogenic inputs (Wagner et al.
2015), but N- and S-containing molecular formulae in polyphe-
nolic and condensed aromatic categories is typical of wetland
inputs (Sleighter et al. 2014). The negative relationship of aro-
matic formulae with SpC suggests decreased inputs and increased
photodegradation with heightened evaporative state. While a
decrease in relative abundance may reflect an increase in the rela-
tive abundance of other peaks, the number of N- and S-
containing formulae and the total number of molecular formulae
decreased with increasing SpC.

Contributions of condensed aromatic and polyphenolic com-
pounds are similar to those previously observed in lakes and riv-
ers; however, the median contribution of highly unsaturated and
phenolic compounds in sites with negative effective precipita-
tion falls between that observed in lakes and the ocean (Stubbins
and Dittmar 2015; Kellerman et al. 2018). DOC concentrations
in sites with negative effective precipitation were 1-2 orders of
magnitude higher than that observed in the ocean, suggesting a
concentration of DOM resistant to further photodegradation.
The concentration of photoproducts from polyphenolic and con-
densed aromatic degradation was further supported by the fluo-
rescence data. The photosensitive humic-like fluorescence of
%C1 decreased with increasing SpC (Fig. 8), which suggests that
%C1 was photodegraded with increased residence time (Cory
et al. 2007; Helms et al. 2013, 2014; Lu et al. 2013). %C2 and
%C3, the fractions of which increased with DOC concentration,
were either by-products of C1 photodegradation (Fellman et al.
2010; Kothawala et al. 2014) or produced in situ. %C4, the
protein-like component, was negatively associated with DOC
concentration and was highest at coastal sites, where DOC con-
centration and total fluorescence were low (Fig. 8). %C2 and
%C3 were low near the coast (positive effective precipitation),
suggesting limited photodegradation consistent with the high
cloud cover and dense fog banks characteristic of the coastal envi-
ronment (Anderson and Stedmon 2007), and resulted in a higher
%C4 despite minimal DOC concentration (Fig. 8). Furthermore,
%C4 was the only fluorescence component that decreased signif-
icantly over the summer, whereas the decrease in %C1 was not
significant after correcting for heteroscedasticity. High %C4 at
the coast and the decrease in %C4 over the summer may reflect
patterns in recent microbial and algal production. However,
protein-like fluorescence is a result of the indolic and phenolic
structures within tryptophan and tyrosine, respectively, thus
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nonproteinaceous molecules containing these moieties can pro-
duce similar fluorescence spectra (Maie et al. 2007; Wiinsch et al.
2015). For example, protein-like fluorescence has previously been
related to lignin phenol concentrations (Hernes et al. 2009), so
decreases in %C4 may reflect lower lignin concentrations in sites
with high SpC and throughout the summer. Therefore, from pos-
itive to negative effective precipitation, DOM composition
exhibits decreases in aromaticity and N-containing compounds,
which suggests allochthonous DOM is transported into these sys-
tems and extensively photodegraded.

Decoupling of DOC concentration and DOM composition

The relationships between SpC and DOM composition at sites
sampled over time suggest DOM composition changes due to
photodegradation over a single summer. The magnitude of these
changes depends on composition at the beginning of the summer,
which is controlled by the extent of hydrologic connectivity. Allo-
chthonous DOM may be delivered from snowmelt inundated wet-
lands or seepage through permafrost, which underlays the area
(Jorgensen and Andreasen 2007). The overall depletion of 8D and
8'80 at the Isunngua sites (Fig. 2a) suggests snowmelt increases
hydrologic connectivity and recharges fringing wetlands (Wolfe
et al. 2007). This connection delivers allochthonous DOC, which
provides new substrate for photochemical degradation and masks
the perennial effects of negative effective precipitation. As the sea-
son progresses, however, SpC increases (Fig. 2c) suggesting
evapoconcentration, photochemical degradation, and photo-
enhanced biodegradation likely control DOC concentration and
DOM composition. These changes are similar to previous findings
where aquatic ecosystems took weeks to return to prefreshet con-
ditions, but several years to regain the characteristics of a system
reflecting evaporative concentrative conditions (Wiklund et al.
2012). Although DOM composition exhibited high initial vari-
ability, DOM composition converged across sites with increasing
SpC (Figs. 3, 4) and throughout time (Figs. 6, 7). Composition con-
verged toward decreased SUVA,s4 values (Fig. 6b), decreased rela-
tive abundances of polyphenolic compounds and condensed
aromatic compounds, and increased relative abundances of highly
unsaturated and phenolic compounds (Fig. 7).

Simultaneous evaporation and incomplete photodegradation
(specifically photobleaching) could explain the seasonal shifts
in composition without a concurrent decrease in DOC concen-
tration, given the strong decreases in the photochemically
active fraction of the DOM pool over the summer (Stubbins
et al. 2010, 2017). Photodegradation has been previously
suggested as a driver of DOM composition in lakes with long
residence times in both boreal (Kellerman et al. 2014) and arid
systems (Curtis and Adams 1995), with the main distinction
that in boreal lakes, DOM becomes less aromatic and DOC con-
centrations decrease, whereas in semiarid systems DOM
becomes less aromatic but DOC concentrations increase. This
loss of aromaticity but increase in DOC concentration in semi-
arid systems occurs when the rate of evapoconcentration and
in situ production exceeds degradation.
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Sites with negative effective precipitation increased in both
SpC (Fig. 2¢; Table 1) and DOC concentration (Fig. 6a; Table 2)
over the course of the summer. If evaporation alone was control-
ling DOC concentration, the DOC concentration to SpC ratio
should remain constant; however, this is not the case. The site-
specific z-scores of the ratio of DOC concentration to SpC
decreased significantly over the summer (Fig. 9; R* = 0.35,
p <0.05). Changes in SpC are conservative, thus the decrease in
the ratio through time indicates that DOC was degraded more
rapidly than combined in situ production and evapocon-
centration because there was a net loss of DOC from the system.
Photo-exposure has been found to enhance the bioavailability of
DOM (Obernosterer and Benner 2004). Given the concurrent
compositional changes of DOM over the summer (Table 2;
Figs. 6, 7), combined photodegradation and photo-enhanced bio-
degradation of DOM appears to be the dominant loss mechanism.

The limited connectivity between aquatic ecosystems and
their catchments in semiarid climates results in sporadic trans-
port of allochthonous DOM, which maintains the negative
relationship between SUVA,s4 and DOC. This relationship is
in contrast with that found in wetter temperate and boreal
regions, where aquatic systems are continuously connected to
their watersheds, and high DOC concentrations are typically
characterized by high SUVA,s4 (Kothawala et al. 2014). How-
ever, in this study, DOC concentration and SUVA,s4 are dis-
associated (Fig. 8; that is, neither positively nor negatively
associated). Furthermore, sites sampled in a time series
exhibited significant decreases in SUVA;s4, condensed aro-
matic compounds, and polyphenolic compounds (Figs. 6, 7).
These results, along with the temporal decrease in DOC/SpC,
suggest there is a pulse of aromatic DOM from snowmelt
inundated wetlands early in the season that is then processed
out of the system. In addition to wetland inputs, the leaching
of aromatic DOM is enhanced during the reinundation of pre-
viously dried systems (Bianchi et al. 2017). Thus, lateral inputs
from melting snow and thawing permafrost near the ice sheet
disrupt typical relationships between DOC concentration and
DOM composition found in other landscapes, creating a sce-
nario where sites with negative effective precipitation experi-
ence seasonal connection to the landscape before becoming
disconnected over the summer. This may be exacerbated by a
shallow active layer which keeps water near the soil surface
early in the spring and flushes surface organic rich soils and
litter layers (Kurylyk et al. 2014), in an area that may other-
wise have continuously low hydrologic connectivity based on
high levels of evaporation and low runoff (Good et al. 2015).

Implications for C cycling across gradients of effective
precipitation

Deglaciated catchments in western Greenland are littered
with aquatic systems that have highly variable DOC concentra-
tions and DOM composition. Positive effective precipitation and
cloud cover resulted in low DOC concentrations and a low degree
of photodegradation near the coast. Inland, runoff from
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snowmelt increased hydrologic connectivity of aquatic systems
in semiarid environments within their catchments, delivering
highly aromatic, photodegradable DOM that countered the sec-
ondary effects of negative effective precipitation in the short
term. As the summer progressed in areas with negative effective
precipitation, a net loss of organic carbon was observed, and
evapoconcentration, photodegradation, and potentially photo-
enhanced biodegradation dominated as controls on DOC
concentration and DOM composition, shifting to a more photo-
refractory elemental composition (Stubbins et al. 2010). This rela-
tionship suggests that as DOM is photodegraded, what remains is
inherently more stable. Although many studies show that DOC
concentration and aromaticity are related, either positively in
wetter climates (Spencer et al. 2009; Stedmon et al. 2011;
Kothawala et al. 2014; Seekell et al. 2015; Mann et al. 2016), or
negatively in semi-arid climates (Curtis and Adams 1995; Osburn
et al. 2011), they are decoupled across western Greenland. This
pattern results from the shift in effective precipitation over a rela-
tively small, but complex hydrologic environment that also
encompasses snowmelt fed wetlands and permafrost active layer
thaw. Constraining DOC export from deglaciated areas in Green-
land is further hampered by rapidly changing hydrology each
season and lack of discharge data. Additionally, as glaciers retreat,
the associated katabatic winds will also retreat, potentially
shifting the boundary between positive and negative effective
precipitation inland (Scribner et al. 2015). Finally, this study
highlights the subtleties of predicting how retreat of the Green-
land Ice Sheet will impact regional C dynamics due to difficulties
in assessing how and where shifting hydrologic connectivity
may increase wetland development and associated DOC and
CDOM export.
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