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Abstract
The land-ocean dissolved organic carbon (DOC) flux represents a significant term within the global carbon

budget, with peatland-dominated regions representing the most intense sources of terrestrial DOC export. As
the interface between freshwater and marine systems, estuaries have the potential to act as a filter of the land-
ocean carbon flux, removing terrestrially derived DOC, which is present at low concentrations in the oceans,
via a combination of physicochemical and biological processes. However, the fate of peat-derived DOC within
estuaries remains poorly quantified, partly due to the complicating influences of heterogeneous soils, land-use,
point sources, and upstream modification of organic matter. To minimize these modifying factors, we studied
DOC and inorganic nutrients in four small, peat-dominated, minimally disturbed, and oligotrophic Falkland
Island estuaries. Contrary to expectations, we found limited evidence of physicochemical estuarine DOC
removal, and instead observed apparent “hot zones” of biogeochemical activity, where terrestrially-derived sili-
cate mixed with inorganic nitrogen and phosphorus entering the estuaries from the nutrient-rich marine eco-
system. In two estuaries, this coincided with apparent in situ DOC production. We suggest that the observed
phenomena of marine nutrient subsidy of estuarine productivity, and flexible utilization of multiple nutrients
within the oligotrophic system, may once have been widespread in temperate estuaries. However, this function
has been lost in many ecosystems due to catchment eutrophication by agricultural and urban development. We
conclude that the estuaries of the Falkland Islands provide a valuable pre-disturbance analogue for natural bio-
geochemical functioning in temperate estuaries receiving high organic matter inputs.

The aquatic transport of carbon (C) between the land and
the ocean represents an important, but comparatively poorly
understood, component of the global carbon (C) cycle
(Cole et al. 2007; Tranvik et al. 2009; Raymond et al. 2013;
Drake et al. 2018). The IPCC’s 6th Assessment Report
(Canadell et al. 2021) and a recent review by Battin et al. (2023)
give best estimates of 2.5 and 3.2 Pg C yr�1, respectively, for
the transfer of carbon from terrestrial to freshwater ecosystems,
and 1.7 and 2.3 Pg C yr�1, respectively, for the amount of C
lost from the freshwater system via degassing of CO2 and (to a
lesser extent) burial in sediments. The remaining 0.8 Pg C yr�1

is exported from freshwater to marine systems. Although this
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value, based on large river C concentration and discharge
measurements, is considered to be comparatively well-
constrained (Drake et al. 2018; Battin et al. 2023), the
processing and fate of terrestrially derived organic carbon
(OC) as it passes into the marine system via estuaries remains
uncertain (e.g., Evans et al. 2016; Bogard et al. 2020; Zhou
et al. 2021).

The land-to-ocean C flux comprises a spatially and tempo-
rally variable mixture of dissolved organic carbon (DOC), par-
ticulate organic carbon (POC), and dissolved inorganic carbon
(DIC). Global aquatic fluxes of organic and inorganic C are
approximately equal, but around 40% of the DIC flux is trans-
ported in groundwater, whereas most OC is transported via
rivers (Cole et al. 2007). In most rivers, the OC flux is domi-
nated by the DOC, for example, Ciais et al. (2008) estimated
that around three quarters of the European OC flux was in the
form of DOC. The riverine DOC flux thus represents the larg-
est transfer of reduced carbon between the continents and the
ocean (Hansell et al. 2004). At a global scale, the largest inputs
of DOC to rivers on an areal basis occur in areas of high peat
cover, both in the high latitudes and in the humid tropics
(Aitkenhead and McDowell 2000; Raymond and Spencer 2015;
Williamson et al. 2021).

Despite the magnitude of the land-ocean DOC flux, there is
little evidence that terrestrial inputs enter the large marine
DOC pool, which is believed to be largely of marine plank-
tonic origin (Hedges et al. 1997; Opsahl and Benner 1997).
This has led to the proposed existence of a “marginal filter” for
terrigenous OC at the land-ocean boundary (Lisitsyn 1995),
although the removal processes remain difficult to character-
ize or quantify (Hedges et al. 1997; Hansell et al. 2004; Bauer
et al. 2013; Dittmar 2015).

One possible sink for riverine DOC is removal in the estu-
ary, via a range of potential physico-chemical and biological
mechanisms. These include flocculation or adsorption to min-
eral particles as dissolved organic matter (DOM) becomes less
soluble at higher salinities, which could contribute to the
burial of terrigenous OC in continental margin sediments.
Mineralization via biological and/or photochemical degrada-
tion convert DOC to DIC, and can lead to degassing of CO2 to
the atmosphere (Zhou et al. 2021). Estuaries provide favorable
environments for flocculation due to the rapid increase in
ionic strength across the freshwater–seawater interface, which
may reduce DOM solubility. Sholkovitz et al. (1978) observed
strong flocculation of the “humic” (high molecular weight,
aromatic, and soil-derived) fraction of DOM in both Amazo-
nian and UK river waters during mixing with seawater at low
salinities. Similar preferential removal of humic DOM has
been observed in other rivers draining peaty catchments
(Forsgren et al. 1996; Spencer et al. 2007; Asmala et al. 2014;
Kritzberg et al. 2014), and may be enhanced by
photodegradation where estuarine residence times are long
(Anderson et al. 2019). On the other hand, studies in less
peat-influenced catchments have recorded approximately

conservative mixing of total DOC across salinity gradients,
implying little or no net removal (e.g., Mantoura and Wood-
ward 1983; Álvarez-Salgado and Miller 1998; Abril et al. 2002)
or in some cases apparent net DOC production (Abril
et al. 2002; García-Martin et al. 2021).

Overall, existing evidence suggests that: (1) DOC represents
the largest riverine flux of terrigenous carbon from land to
ocean; (2) peatlands generate the highest inputs of DOC to
rivers on an areal basis; and (3) peat-derived DOC is compara-
tively susceptible to estuarine removal via flocculation and
photodegradation, but not biodegradation. The estuarine
processing of peat-derived DOC is, however, difficult to deter-
mine in many parts of the world because peatlands often
occur within mosaic landscapes of mixed soils and land-use
(e.g., Ågren et al. 2014; García-Martin et al. 2021), as well as
lakes and reservoirs, which can act as DOM “reactors”
(e.g., Tranvik et al. 2009; Catal�an et al. 2016; Evans
et al. 2017). Fluxes of DOC in many rivers are also subject to
heavy modification by nutrient and organic matter loadings
from areas of farmland and human habitation (e.g., Spencer
et al. 2007; Noacco et al. 2017). However, Vieillard et al.
(2020) argue that estuarine research is strongly biased toward
highly eutrophic European and North American catchments,
leading to a distorted understanding of estuarine biochemical
processes in general, and call for more research on oligotro-
phic estuaries. Childers et al. (2006) describe the phenomenon
of “upside down” estuaries, in which oligotrophic (and often
DOC-rich) catchments drain into more eutrophic coastal
marine systems, to the extent that nutrients limiting estuarine
production are provided by the sea rather than the land. It is
likely that such conditions were more common in the past
than they are today (Jickells et al. 2014).

Our understanding of the controls on transport and
processing of peat-derived DOM through estuaries is currently
reliant on comparatively few studies. Working in a large
Indonesian river draining a peat-dominated catchment, Moore
et al. (2011) observed nonlinear variation in DOC across the
salinity gradient, with DOC removal rates of 12% to 27%. In
peat-influenced UK catchments, Palmer et al. (2016) observed
nonconservative DOC mixing in one of five estuary transects
(giving an estimated removal of 40% in this case) while Spen-
cer et al. (2007) observed clear non-conservative mixing on
four out of nine occasions, with maximum removal of 58%.
In both studies, high rates of DOC removal were associated
with summer high flow events, when unmodified peat-derived
DOM was entering the estuary. At other times, the peat signal
appeared to be masked by mixing with other water types,
upstream modification, and wastewater inputs. This complex-
ity was also evident in a recent study of 13 UK estuaries span-
ning a broad soil and land-use gradient, which showed highly
variable DOC variations in both time and space, and evidence
of net DOC production in some estuaries with high arable and
urban influence (García-Martin et al. 2021). In line with the
observations of Vieillard et al. (2020), we found that most
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studies of estuarine DOC processing were from northern tem-
perate estuaries, one exception being a study of four subtropi-
cal, land-use impacted estuaries in Australia by Looman
et al. (2019).

In order to examine the controls on estuarine processing of
peat-derived DOM without these confounding influences, we
studied a set of exceptionally peat-rich and relatively
unmodified catchments in the Falkland Islands, which lie off
the Atlantic coast of South America. The Falkland Islands are
among the most peat-dominated regions in the world, with
the majority of the land area occupied by peat or other
organic soils (Carter et al. 2020). Coastal marine ecosystems
here are also notably carbon-rich (Bax et al. 2022). River
lengths are short, there are no lakes or reservoirs along the
main river channels, and population density is extremely low.
Prior to European settlement in the late 18th century there
were no herbivorous mammals on the islands, and the intro-
duction of livestock led to large-scale vegetation changes
(Armstrong 1994). Present-day agriculture is limited to low-
intensity sheep grazing, and away from the coastal fringe soils
are acidic and nutrient-poor, leading to highly oligotrophic
conditions in most surface waters (Carter et al. 2022). We
therefore anticipated that the Falkland Islands would provide
an effective model ecosystem in which to determine the
extent of estuarine processing of peat-derived DOM in the
absence of confounding human impacts, and a proxy for the
biogeochemical conditions and processes that would have pre-
vailed in peaty temperate estuaries more widely prior to
human disturbance. We hypothesized that high inputs of rela-
tively unmodified peat-derived DOM to the estuaries would
lead to strong net removal, supporting the concept of estuaries
as “marginal filters” for terrigenous OC. To interpret observed
DOM processes and mixing in the context of wider biogeo-
chemical processes, we analyzed DOC and light absorbance
(as a measure of DOM quality) alongside salinity and inor-
ganic forms of the major nutrients nitrogen, phosphorus, and
silica.

Materials and methods
Study area

The Falkland Islands (52�S, 59�W) have a total land area of
12,170 km2, split across two main islands and numerous
smaller ones. Maximum elevation is 705 m. Annual precipita-
tion is low (mean recorded precipitation 585 mm yr�1 at
Mount Pleasant, East Falkland; Upson 2012). Annual mean
temperature is around 6�C, and the islands are characterized
by high average wind speeds. There is no natural tree cover,
and the vegetation is dominated by the tussock grass Cor-
tadelia pilosa and dwarf shrub Empetrum rubrum (Moore 1968).
Recent soil mapping of the islands suggests that 38% of the
total land area is occupied by peat, giving them one of
the highest proportions of peat cover on Earth, with most of
the remaining land having a peaty topsoil (Carter et al. 2020).

Peat occurs on both plateaus and hillslopes in the uplands,
and along river valleys in the lowlands. The majority of inland
peat is fairly shallow (0.4–2 m), with widespread presence of
erosional features. While it physically resembles the blanket
bogs of hyperoceanic regions such as the British Isles, peat in
the Falkland Islands has formed under much lower rainfall,
ostensibly at the edge of the climate envelope of peat forma-
tion, for reasons that remain incompletely understood
(e.g., Payne et al. 2019). Like blanket bogs elsewhere, however
(e.g., Holden and Burt 2003) it appears to have a very low lat-
eral hydraulic conductivity at depth, so that water either per-
colates vertically to the mineral soil or moves laterally near
the peat surface. Rock outcrops and periglacial “stone runs”
occur in upland areas, but occupy only a small part of the
overall land area.

We surveyed four of the largest rivers in East Falkland, the
largest island. The San Carlos River, Malo River and Swan Inlet
drain the central upland region, while the smaller Murrell
River catchment drains to the east coast, close to the small
capital city of Stanley (population � 2100). All four catch-
ments have high peat cover, and broadly similar catchment
characteristics, but vary in their connectivity to the open sea;
the Murrell and San Carlos Rivers connect directly to deep
water, whereas the Malo River and Swan Inlet drain to long,
poorly connected shallow inlets (Fig. 1; Table 1). Figure 2 pro-
vides an example of the visual appearance of the estuaries.
The tidal range of the Falklands is relatively small (maximum
1.9 m in Stanley; Bax et al. 2022), but estuaries tend to be
shallow and are therefore effectively flushed during each tidal
cycle.

Sample collection and analysis
Samples were collected during two field campaigns, the first

from 05 November 2017 to 08 November 2017, and the sec-
ond from 16 November 2019 to 19 November 2019. Each river
was sampled in a single day, and on a falling tide. Samples
were mostly collected from the shore, using a galvanized steel
bucket and nylon rope to sample as close as possible to mid-
channel. For the Murrell River (2017) and Swan Inlet (both
campaigns) a boat was used to sample the lower part of the
estuary. For each river transect, we started at the seaward end
of the estuary, sampling as close as possible to full salinity,
then proceeded upstream, sampling at approximately equal
salinity intervals, until we reached nontidal freshwater. The
number of samples collected per transect ranged from 5 to
10 (average 8) depending on time available and accessibility.
At each sampling location, we measured salinity and tempera-
ture in situ using a Hach HQ40D handheld multiparameter
sonde. At all sites, a 60 mL sample was syringe-filtered
through 0.45 μm cellulose acetate filters into amber glass bot-
tles. This sample was analyzed for DOC and absorbance. A sec-
ond filtered 40 mL sample was collected in a centrifuge tube
for analysis of all inorganic nutrients. All bottles were acid-
washed, and bottles and filters were prerinsed with sample
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before use. On return from each survey, samples were stored
at 4�C in the dark prior to analysis.

For the 2017 campaign, samples were transferred onto the
RRS Discovery, a UK Natural Environment Research Council

research vessel, which was berthed in Stanley at the time, and
analyzed on board for dissolved nutrients including nitrite
(NO2

�), nitrate (NO3
�), phosphate (PO4

3�), and silica (SiO2)
by colorimetry using a four-channel SEAL QuAAtro

Fig. 1. Sampling catchments overlaid on a digital elevation model of East Falkland (darker shading indicates higher elevation). Inset figures show points
at which samples were collected in each river-estuary transect (red triangles show 2017 survey points and yellow circles 2019 survey points—differences
in location reflect differences in the salinity gradient at the time of sampling).
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39 analyzer. Nitrate was calculated by difference between total
oxidized nitrogen (i.e., NO3

� + NO2
�) and NO2

� measured
separately. Detection limits (calculated using SEAL analytical
software by running the lowest standard 20 times) were
0.05 μmol L�1 for NO3

� + NO2
�, 0.01 μmol L�1 for NO2

�,
0.01 μmol L�1 for PO4

3� and 0.02 μmol L�1 for SiO2. We did
not have access to instrumentation for analysis of ammonium
(NH4

+), and expected that concentrations would be negligible
in the aerated, unpolluted Falkland estuaries. It is possible
that NH4

+ was present in estuarine sediment porewaters

(e.g., Vieillard and Thrush 2021) but any leached to the water
column was assumed to be rapidly oxidized to NOx, and there-
fore captured by our measurements.

Light absorbance was measured across the visible and ultra-
violet spectrum (0.5 nm increments from 200 to 800 nm)
using a Cary 60 UV–visible spectrophotometer (Agilent Tech-
nologies, Cheadle, UK), also located on Discovery. A quartz
cuvette with a 1 cm path length was used, and higher-DOC
samples were diluted by a factor of 2 or 4 using Milli-Q water
to avoid saturation of absorbance at lower wavelengths.

Table 1. Summary characteristics of the four surveyed catchments.

Catchment Area (km2) Maximum elevation (m) Estimated peat cover (%) Proximity to open ocean

Malo River 257 637 43 Low

Swan inlet 316 660 20 Intermediate

Murrell River 143 469 15 High

San Carlos River 547 705 43 High

Peat cover estimates are derived from the soil map of Carter et al. (2020), based on a 40 cm minimum depth threshold. Shallower peaty soils occupy
much of the remaining land area. The estimated peat extent for the Murrell catchment is believed to be an under-estimate (S. Carter, personal
observation).

Fig. 2. Tidal section of the Malo River (looking upstream) and individual samples ordered from upstream (peat seepage sample, salinity < 0.01, top left)
to most saline sample collected (salinity 28.5, bottom right).
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Absorbance measurements were Milli-Q blank-corrected, and
expressed in absorbance units per meter path length. Samples
for DOC analysis were returned to the UK and analyzed at the
UK Centre for Ecology and Hydrology Bangor laboratory on a
Thermalox analyzer, using the nonpurgable organic carbon
method. This involved first sparging samples with
hydrochloric acid for 60 s to remove inorganic carbon, then
analyzing total carbon concentrations by thermal oxidation.
The same samples were also analyzed for pH with a Metrohm
888 Titrando, and conductivity with a Jenway 4320 m and
Jencons 223–018 probe.

For the 2019 campaign, all samples were returned to the
UK for analysis. Samples for nutrient analysis were frozen dur-
ing transit, while samples for DOC and absorbance analysis
were refrigerated based on previous work for high-DOC waters
suggesting that extended cold storage has less effect on DOC
concentrations and optical properties than freezing (Peacock
et al. 2015) or acidification (Tfaily et al. 2011). All 2019 mea-
surements were made using the same instruments and
methods described for 2017. Detection limits, measuring using
the same method as above, were 0.01 μmol L�1 for
NO3

� + NO2
�, 0.01 μmol L�1 for NO2

�, 0.02 μmol L�1 for
PO4

3� and 0.02 μmol L�1 for SiO2.

Data analysis
Estuary transect data

For each of the nutrients analyzed (DOC, SiO2, NO3
�, and

PO4
3�) we plotted concentrations against salinity for each river-

estuary transect. In each case, we defined a conservative mixing
line by linearly connecting the freshwater sample with the most
saline sample collected at each site. Consistent deviation below
this line (i.e., a “concave” concentration-salinity relationship)
indicates net removal of that solute within the estuary, with
larger deviations indicating greater removal. In solutes with
higher concentrations in the freshwater end-member, this
implies that this solute is being exported from the terrestrial eco-
system and removed in the estuary, whereas higher concentra-
tions in the saline end-member imply removal of material from
a marine source. If observed solute concentrations deviated posi-
tively from the conservative mixing line drawn from the highest
to the lowest salinity measurement (a “convex” concentration-
salinity relationship) we interpreted this as evidence of net pro-
duction of that solute within the estuary. In order to quantify
the extent of apparent removal or production of each solute at
each location, we compared the observed concentration to that
which would be predicted by the conservative mixing line at the
observed salinity. A negative difference between observed and
predicted concentrations (termed ΔX, where X is the solute
under investigation) was taken to indicate net removal, while a
positive ΔX net production.

To evaluate the potential role of limiting nutrients on
autotrophic production across the estuary, we compared
calculated molar ratios of inorganic nutrients at the fresh-
water and seaward end of each estuary. Since diatoms are a

potentially important primary producer in these ecosystems
we compared molar ratios to the Redfield-Brzezinski C : Si :
N : P of 106 : 15 : 16 : 1 (Brzezinski 1985). For primary pro-
ducers, the availability of OC is not relevant, so we focused
solely on the critical ratios for inorganic nutrients, namely
Si : N = 0.94, Si : P = 15, and N : P = 16. We included mea-
sured NO2

� in the sum of available N, but assumed that
(unmeasured) ammonium was negligible in these highly
aerated waters). We also omitted organic N and P, which are
potentially high in high-DOC freshwater inputs, but likely
to be of low bioavailability (Stutter et al. 2018). In relation
to heterotrophic production, we also considered ratios of
DOC to N and P, again based on Redfield-Brzezinski ratios,
but recognizing that only a fraction of the total DOM pool
is bioavailable.

For samples collected at the freshwater end of each estuary,
salinity levels were too low to be measured using the field
salinity probe. For consistency, we therefore used laboratory
measured conductivity to derive salinity using an empirical
calibration (quadratic equation with zero intercept; Eq. 1)
derived from all samples where both salinity and conductivity
were measured. Salinity is expressed in PSU and conductivity
in mS cm�1.

Salinity¼0:570Conductivityþ0:0032Conductivity2

R2 ¼0:993,n¼ 44 ð1Þ

Analysis of absorbance data
As an indicator of DOM quality, we calculated the specific

UV absorbance of samples at 254 nm (SUVA254), calculated as
the ratio of absorbance at 254 nm and measured DOC concen-
tration in mg L�1. SUVA254 is a widely used proxy measure of
DOM aromaticity (Weishaar et al. 2003) and reactivity. High-
SUVA254 DOM is typically derived from soils with a high
organic content and is relatively resistant to biological degrada-
tion, but susceptible to photodegradation (e.g., Jones
et al. 2016; Berggren et al. 2018; Anderson et al. 2019). Low-
SUVA254 DOM tends to be produced from more mineral soil
dominated catchments (e.g., Carter et al. 2012), or by autoch-
thonous production in freshwater and marine environments
(Nguyen et al. 2005; Henderson et al. 2008; Adams et al. 2018).
Low-SUVA254 DOM is typically less colored, less aromatic, more
biodegradable, and less photodegradable (e.g., Anderson
et al. 2019). Although we measured absorbance across a broad
spectrum of wavelengths, and derived a range of other
absorbance-based metrics, these did not add substantively to
the interpretation of results, and for the sake of brevity we only
report SUVA254 results here.

Results
Meteorological conditions

For the 2017 survey, mean air temperature at Mount Pleas-
ant in the 30 d prior to the start of sampling was 6.8�C, and
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total rainfall during the same period was 44 mm. In 2019,
30 d mean air temperature prior to the first sampling day was
7.4�C, and total rainfall 49 mm. Rainfall during both sampling
periods was negligible (< 2 mm in total). The only notable dif-
ference in meteorological conditions between surveys was that
significant rain occurred prior to the start of sampling in 2019
(12 mm on 15 November, the day before the first estuary tran-
sect); whereas in 2017, the last significant rainfall was 6 d
prior to the start of sampling (11 mm on 30 October).

Water temperatures ranged from 8.9�C to 16.1�C in fresh-
water end-member sampling points, and from 8.9�C to 13.5�C
at the seaward sampling point of each estuary (Table 2). With
the exception of the Murrell River in 2017, temperatures were
higher in freshwater inputs than in seawater, and where estu-
aries were sampled in both years, mean freshwater tempera-
tures were 3.4�C higher in 2019 than in 2017, and seawater
temperatures were 2.0�C higher.

Concentration variations across salinity gradients
Summary chemical data for all freshwater and seawater

end-member concentrations are shown in Table 2, and full
transect data in Supplementary Table S1. Of the inorganic
nutrients, Si (Fig. 3a–d) tended to be highest in freshwater
inputs to the estuary, and lower at the seaward end
(< 12 μmol L�1 for all rivers on both sampling occasions).
Freshwater Si concentrations were notably higher in the 2017
survey (> 90 μmol L�1 in all rivers), declining steadily through
the estuary. The decline was near-linear in the Malo River,
but clearly nonlinear in the other three. The pattern in
2019 was markedly different, with much lower concentrations
(10–24 μmol L�1) at the freshwater end of all three resampled
estuaries. There was some evidence of a dilution gradient at
salinities > 20 PSU, and seaward end-member Si concentra-
tions were similar to the 2017 survey. Below 20 PSU, however,
there was no clear pattern of Si variation in any estuary. At
both the Malo River and Swan Inlet, peak Si concentrations in
the upper estuary exceeded those in freshwater inputs.

In contrast to Si, PO4
3� was consistently higher at the sea-

ward end of all estuaries than at the freshwater end for all
rivers and on both sampling occasions (Fig. 3e–h). Concen-
trations of PO4

3� at the seaward end were notably higher in
the Murrell and San Carlos Rivers in 2017, and mixing lines
were non-linear at this time for all rivers except the Malo. In
2019, PO4

3� concentrations were higher in the seaward end
member at the Malo River and Swan Inlet, but lower in the
Murrell River. However in 2017, it was possible to sample the
seaward end of the Murrell River from a boat; whereas in
2019, we were only able to sample from the shore, in an area
of giant kelp (Macrocystis pyrifera) beds, so this value may not
be representative of conditions in open water. At the Murrell,
we also observed higher PO4

3� concentrations at the fresh-
water end of the estuary, which were not observed previously
or in other estuaries. T
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Concentrations of NO3
� (Fig. 3i–l) were consistently

≤ 1 μmol L�1 in the Malo River and Swan Inlet. In the Murrell
and San Carlos Rivers, NO3

� concentrations were similarly
low in the freshwater end of the estuary, but in 2017
concentrations > 6 μmol L�1 were found at the seaward end.
Increases across the salinity gradient were clearly nonlinear. In
the three estuaries resampled in 2019, NO3

� concentrations
were slightly higher in freshwater inputs and declined in the
upper estuary. At Swan Inlet and the Murrell River, NO3

� con-
centrations then rose slightly at the seaward end of the estu-
ary, albeit not to the relatively high concentrations observed
at the seaward end of the Murrell in 2017.

Variations in DOC, absorbance at 254 nm and SUVA254 are
shown in Fig. 4. In all cases, DOC concentrations were highest
at the freshwater end of the estuaries, but with considerable vari-
ation between rivers. In 2017, the highest concentrations were
observed in the San Carlos River (1830 μmol L�1) and lowest in
Swan Inlet (510 μmol L�1). In 2019, freshwater concentrations
were higher than in 2017 for all three resurveyed rivers, exceed-
ing 2000 μmol L�1 in both the Malo and Murrell Rivers, and

1000 μmol L�1 at Swan Inlet. Higher DOC concentrations in the
Malo River extended to the seaward end of the estuary, but in
the other two estuaries concentrations declined to values similar
to those observed in 2017 at high salinities. In both Swan Inlet
and the Murrell River, peak DOC concentrations (i.e., higher
than freshwater input concentrations) were observed at salinity
values between 3 and 16 PSU. This pattern was also weakly evi-
dent in the Malo River. At higher salinities, the relationship
between DOC and salinity frequently had a concave non-linear
form (Malo in 2019, Swan Inlet in 2019, Murrell River in both
years), indicative of net DOC removal.

Variations in Abs254 (Fig. 4e–h) were broadly similar to
those for DOC, but in general lacked the peak values observed
in the upper estuary, with variations conforming more closely
to a conservative mixing line. Variations in SUVA254 (Fig. 4i–l)
were not consistent over the salinity gradient, although lower
values were observed at the seaward end of the Malo and
Murrell Rivers in 2019. For the two rivers where data were
available from both surveys, SUVA254 was notably higher on
average in 2017 than in 2019.
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Fig. 3. Measured concentrations of inorganic nutrients vs. salinity in the four surveyed rivers and in both study years (note no data from the San Carlos
River in 2019). Concentrations are plotted on a common y axis for each nutrient.
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Deviations from conservative mixing relationships
Observed variations from conservative mixing lines are

shown for the four measured solutes in Fig. 5. In 2017, we
observed consistent SiO2 removal in all estuaries. Estimated
removal (ΔSiO2) was smallest for the Malo River, where it
peaked at 8 μmol L�1 (26%) below the predicted conservative
mixing value. At Swan Inlet, peak removal was larger in both
absolute and proportional terms (48 μmol L�1, 58%). At both
the Murrell and San Carlos Rivers, peak removal was
28 μmol L�1, but due to higher freshwater concentrations in
the San Carlos River this represented a smaller percentage
removal here (35% vs. 43%). The salinity at which peak abso-
lute Si removal occurred was greatest in the Malo River
(19 PSU), and lowest in the Murrell River (8 PSU). In 2019, a
similar but more subdued pattern of SiO2 removal was
observed in the Murrell River, but in the Malo River and Swan
Inlet we observed apparent net release of SiO2, with ΔSiO2

peaking at 27 μmol L�1 in the Malo River. At a number of
points in both of these estuaries, SiO2 concentrations were
more than double the values predicted from conservative
mixing.

For PO4
3� (Fig. 5e–h), we observed a pattern of net estua-

rine removal in all estuaries other than the Malo in 2017, with
maximum removal of around 0.3 μmol L�1 at mid salinity in
the Murrell River. Given the generally low estuarine PO4

3�

concentrations (mostly < 0.2 μmol L�1) this indicates that a
high proportion of the PO4

3� entering the estuary (primarily
from the seaward end) was being removed (maximum > 50%
in all estuaries other than the Malo). In 2019, with higher
PO4

3� inputs at the seaward end of the Malo River and Swan
Inlet, we observed higher rates of peak PO4

3� removal. In the
Murrell River, removal was apparently lower, although this
may have been confounded by the different sampling point of
the seaward end-member (see above). Apparent net PO4

3�

release at the top of the estuary in 2019 was reliant on a single
sample.

Mixing relationships for NO3
� (Fig. 5i–l) were similar to

those for PO4
3�, with strong net removal at the Murrell and

San Carlos Rivers in 2017. Removal at the Murrell River peaked
at 4 μmol L�1 and around 90% removal, while at the San Carlos
River the equivalent figures were 2.4 μmol L�1% and 66%
removal. At the Malo River, NO3

� concentrations were near
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Fig. 4. Measured concentrations of DOC, absorbance at 254 nm and SUVA254 vs. salinity in each surveyed estuary in both study years (note that the
San Carlos River was not surveyed in 2019, and that optical analyses were not available for the Malo River or for the seaward end of the San Carlos River
in 2017).
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zero throughout the salinity gradient, so there was no deviation
from a theoretical mixing line. At Swan Inlet, with similarly
low NO3

� concentrations, there is some evidence of net pro-
duction in 2017; however, this result is highly dependent on
the selection of seawater endmember; using the second
highest-salinity sample, which had higher NO3

�, would suggest
slight net removal. In 2019, NO3

� concentrations were again
uniformly low at the Malo River, while a small amount of net
removal (< 1 μmol L�1) was apparent at mid-salinity values in
Swan Inlet and the Murrell River.

For DOC, estuarine mixing varied greatly between estuaries
and between surveys. At the Malo River, there was little devia-
tion from a conservative mixing line in 2017, but in 2019

(when freshwater input concentrations were higher) we
observed net removal, peaking at 340 μmol L�1 (20%
removal). At Swan Inlet, on the other hand, we observed
apparent net DOC production during both years, with a rela-
tively sharp ΔDOC peak of 830 μmol L�1 at a salinity of
16 PSU in 2019. This implies a doubling of concentrations
vs. the conservative mixing model. A more subdued peak
spanning more of the salinity range was observed in 2017
(peak ΔDOC of 300 μmol L�1 at salinity 15 PSU). A sharp peak
of DOC production was also observed in the Murrell River in
2017 (maximum ΔDOC of 1000 μmol L�1 at salinity 11 PSU).
However in 2019, a small peak of DOC production in the
upper estuary (maximum ΔDOC 380 μmol L�1 at salinity
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Fig. 5. Deviation of observed SiO2, PO4
3�, oxidized N (NOx

�), and DOC concentrations from a conservative mixing line. Concentrations are plotted on
a common y axis for each of the determinands.
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3 PSU) was effectively reversed in the lower estuary, so that
from salinity 19 to 25 PSU we observed modest net DOC
removal (ΔDOC around � 115 μmol L�1 at both sampling
points). We also observed apparent net removal of DOC at
low salinities in the San Carlos River in 2017.

Nutrient stoichiometry
Molar ratios for bulk DOC, oxidized N (NO3

� + NO2
�),

PO4
3� and SiO2 are shown in Table 3. In general, total DOC :

N and DOC : P ratios were very high (≥ 846 and ≥ 3433,
respectively) at the freshwater end of all estuaries, but lower at
the seaward end, notably at the Murrell and San Carlos Rivers
in 2017 when DOC : N ratios were ≤ 15 and DOC : P ≤ 192,
both approaching Redfield values. Among the inorganic nutri-
ents, N : P ratios were consistently below Redfield ratios at
both the freshwater and marine end of the all estuaries, and
on both sampling occasions. In most cases, the N : P ratio was
higher in the freshwater input than in the seaward end-
member, but this was not the case for the Murrell and San
Carlos Rivers in 2017. Freshwater N : P was higher in 2019
than in 2017 for all resurveyed rivers.

Si : P and Si : N ratios were higher in the freshwater end of
the estuary than the seaward end on almost all occasions, the
sole exception being Si : N at the Malo River in 2019. Freshwa-
ter Si : P and Si : N ratios were invariably higher in 2017 than
in 2019. However, both ratios fell to low levels at the seaward
end of the estuary, falling below Redfield-Brzezinski ratio
values for Si : P in the Malo (2017), Swan Inlet (2019), Murrell
(both years), and San Carlos (2017), and for Si : N in the
Murrell and San Carlos in 2017.

For the estuary transects where there was evidence of in situ
DOC production (Murrell River and Swan Inlet in both years,

Malo River in 2019), we calculated the ratio of maximum DOC
increases to the maximum reduction in inorganic nutrients,
where observed. Ratios of maximum ΔDOC : ΔPO4

3� ranged
from 1780 to 5533, while for ΔDOC : ΔNO3

� the range was
259 to 1051, and for ΔDOC : ΔSi it was 6 to 37.

Discussion
Our results indicate that, even without major local anthro-

pogenic influences, biogeochemical processes in estuaries are
highly variable. Despite the similarity and proximity of our
study catchments, we observed striking differences in DOC
and nutrient concentrations between estuaries surveyed on
successive days, and between the same estuaries sampled
under very similar conditions in different years. We recognize
that the data presented represent two snapshots of biogeo-
chemical gradients that can be expected to vary over tidal
cycles, in response to weather conditions, and over seasons.
Spatial variations are undoubtedly greater than we were able
to capture by sampling just four estuaries. Nevertheless, a
number of consistent patterns did emerge from the data, and
the stability of many of the mixing relationships obtained
(Figs. 3, 4) suggest that temporal variations in end-member
composition were not sufficient to affect results in these rap-
idly flushed estuaries. Our results should therefore provide
some useful insights into the nature of biogeochemical pro-
cesses in DOC-rich temperate estuaries, in the absence of
large-scale human influence.

Nutrient sources to Falkland estuaries
High concentrations of DOC at the freshwater end of all

estuaries confirmed that, as expected, the peaty terrestrial

Table 3. Stoichiometry of DOC, nitrate, phosphate, and silicate for freshwater and seawater end-member samples from each surveyed
estuary, compared to Redfield-Brzezinski ratios for marine organisms.

Site Year End-member DOC : N DOC : P (mol mol�1) N : P (mol mol�1) Si : N Si : P

Malo River 2017 Freshwater 4951 7652 1.5 534.7 826.4

Seawater 1356 552 0.4 31.5 12.9

2019 Freshwater 1850 19,411 10.5 8.4 88.3

Seawater 2809 2646 0.9 24.2 22.8

Swan inlet 2017 Freshwater 2861 3433 1.2 810.0 972.0

Seawater 1321 712 0.5 56.3 30.3

2019 Freshwater 846 10,787 4.3 33.8 146.4

Seawater 469 602 0.6 19.3 11.5

Murrell River 2017 Freshwater 8333 11,364 1.4 637.7 869.5

Seawater 14 139 10.0 0.1 1.5

2019 Freshwater 1252 9603 7.7 13.9 106.7

Seawater 377 814 2.2 5.6 12.2
San Carlos River 2017 Freshwater 6548 13,095 2.0 475.1 950.1

Seawater 15 192 12.9 0.5 6.9

Redfield-Brzezinski ratios 6.6 106 16 0.94 15

Values shown in bold are below the critical thresholds for growth derived from Redfield-Brzezinski ratios, implying that the first nutrient may be limiting.
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ecosystems of the Falkland Islands are the dominant source of
estuarine DOC. This is consistent with many previous studies
from different river-estuary systems in the UK (e.g., Spencer
et al. 2007; García-Martin et al. 2021) and Fennoscandia
(Asmala et al. 2014; Kritzberg et al. 2014). However, DOC con-
centrations entering Falkland Islands estuaries are exceptionally
high in global terms, exceeding 2300 μmol L�1 (� 25 mg L�1)
in two of the rivers in 2019. These concentrations exceed those
observed in other studies of peat-influenced high-latitude rivers
at their tidal limit, for example, a maximum flow-weighted
mean of 1100 μmol L�1 in a set of 40 UK rivers (Williamson
et al. 2021), 1750 μmol L�1 among a set of 30 large Finnish riv-
ers (Räike et al. 2016), and 733 μmol L�1 for the six largest Arc-
tic rivers (Cooper et al. 2008). Indeed, observed concentrations
are similar to those measured at the mouth of an Indonesian
“blackwater” river draining peat swamp forest (2350 μmol L�1;
Moore et al. 2011). These high DOC concentrations, and their
subsequent impacts on aquatic light and energy regime, have
the potential to profoundly influence the ecology of estuarine
and coastal waters.

It is also clear that the land provides the overwhelming
source of Si to Falkland Islands estuaries, with weathering of
silicate rocks the likely source. The marked difference in fresh-
water Si concentrations in the two surveys, despite ostensibly
similar seasonal, tidal and meteorological conditions, was
however unexpected. One possibility is that differences in
antecedent weather conditions led to differences in the pro-
portion of Si-enriched groundwater between surveys. In an
Oregon estuary, Sigleo and Frick (2007) observed dilution of Si
to near-zero levels during peak flows, and studies of UK blan-
ket bogs show rapid dilution of weathering-derived solutes in
response to relatively small changes in stream discharge
(e.g., Tipping et al. 2010). While the lack of hydrological mon-
itoring in the Falkland Islands makes this hypothesis difficult
to test, there was a modest (12 mm) rain event 1 d before the
first estuary survey in 2019, whereas no significant rainfall
was recorded in the 5 d before sampling commenced in 2017,
so it is possible that Si concentrations were diluted in the sec-
ond survey. Higher freshwater DOC concentrations in 2019
are consistent with this explanation, because terrestrial DOC
export tends to be higher during wetter periods, when more
flow is passing through shallow organic horizons rather than
deeper mineral soils (e.g., Raymond and Saiers 2010). An alter-
native explanation for lower freshwater Si in 2019 is that bio-
logical activity was higher in the upstream terrestrial or
aquatic ecosystems in 2019, to the extent that most Si was
retained before reaching the estuary (Woodruff et al. 1999;
Bowes et al. 2005; Carey and Fulweiler 2013). Average freshwa-
ter temperatures were around 3�C higher in 2019 than 2017,
consistent with this hypothesis. However stoichiometric con-
straints make this explanation unlikely, because the biological
removal of (in some cases) > 100 μmol L�1 of Si would require
similar uptake of N, along with > 6 μmol�1 of P, both of which
far exceed any of the measured concentrations in our freshwater

samples. A final possibility is that differences in sample handling
between surveys (rapid analysis of unfrozen samples in 2017
vs. freezing for analysis in the UK in 2019) could have affected
results. In particular, reactive silica in samples with high concen-
trations (> 120 μmol L�1) and low salinity may polymerize on
freezing, affecting measured concentrations after thawing (Dore
et al. 1996; MacDonald and McLaughlin 1982). However, differ-
ences in measured concentrations between the surveys (at least a
factor of four in all freshwater end-members) far exceeded
reported reductions in Si concentrations due to this issue
(e.g., 5%–25%; MacDonald and McLaughlin 1982) so we consider
it unlikely that this issue could explain observed differences.

With regard to NO3
� and PO4

3�, our data suggest that
catchment exports were negligible. On the other hand, seawa-
ter end-member concentrations of both solutes were fre-
quently higher than mid-estuary or freshwater concentrations.
It appears therefore that coastal seas are the main sources of
both these inorganic nutrients to Falkland estuaries. We did
not measure organic nutrient concentrations, but based on a
conservative DOC : DON ratio of 30 mol mol�1 for peaty oli-
gotrophic freshwaters (Yates et al. 2019), we estimate that
freshwater DON inputs would likely have been in the region
of 17 to 71 μmol L�1. This is several orders of magnitude
higher than freshwater NO3

� concentrations, so even allowing
for a high uncertainty it is clear that DON dominates the
land-ocean N flux. In contrast, if we apply a typical DOC :
DOP ratio of 8000 mol mol�1 based on the values reported for
peat-dominated streams by Yates et al. (2019), this gives fresh-
water DOP concentrations in the region of just 0.06 to
0.27 μmol L�1. This is similar in magnitude to measured
PO4

3� concentrations, suggesting a more even split of catch-
ment inorganic and organic P exports.

The dominance of marine sources of inorganic N and P to
the estuary is in marked contrast to the majority of previously
published studies of estuarine and coastal nutrient processing,
in which human-modified terrestrial catchments are the domi-
nant source (e.g., Howarth 2008; Beusen et al. 2022). While
the development of agriculture and urban areas within many
catchments mean that this situation is now commonplace,
Vieillard et al. (2020) argue that over-representation of popu-
lated (mostly temperate) catchments, and therefore highly
eutrophic estuaries, in the literature has led to a somewhat
biased understanding of estuarine biogeochemical function-
ing. In the Falkland Islands, with very low populations and
low-intensity land-use, catchments and rivers are oligotrophic,
whereas the surrounding marine ecosystem is naturally pro-
ductive as a result of the Falkland Current, which transports
nutrient-rich waters from the Antarctic Circumpolar Current
(Arkhipkin et al. 2013; Groff et al. 2020). This situation, in
which the sea rather than the land provides the source of lim-
iting nutrients to estuaries, appears unusual but not unique;
Childers et al. (2006) referred to the estuaries of the Florida
Everglades as “upside-down,” because the main source of the
limiting nutrient here (in this case P) was the ocean, rather
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than the oligotrophic (p < 0.25 μmol L�1) waters draining the
Everglade peat swamps. Further, both Jickells et al. (2014) and
Vieillard et al. (2020) suggest that this pattern, of estuaries
receiving a large proportion of their nutrient supply from the
sea, was once far more widespread, but that it has now been
largely reversed in developed areas such as Europe and North
America. Despite their lack of physical resemblance to the
Everglades, it appears that Falkland estuaries also remain
“upside down” in relation to both N and P.

Estuarine macronutrient cycling
Our results showed clear deviation from conservative

mixing in the majority of transects for all measured solutes.
For SiO2, we observed clear evidence of net removal in 5 out
of 7 estuary transects, including all four 2017 surveys. Given
that SiO2 concentrations were almost always higher in fresh-
water inputs compared to the seaward end of the estuary
(markedly so in 2017), and that mixing was highly non-
conservative across salinity gradients, we infer that Si exported
from the catchments was being removed during transport
through the estuary. The likeliest sink for Si in the estuaries is
diatoms, which have siliceous skeletons and can drive high
rates of Si uptake (Brzezinski 1985; Leynaert et al. 2009;
Bondoc et al. 2016). This could include planktonic diatoms,
although the shallow, stony nature of the Falkland estuaries
suggest that benthic diatoms may be more important. Given
that the estuary beds were largely exposed at low tide, and
water was mostly shallow even at high tide, light availability
was considered unlikely to limit benthic productivity despite
the high DOC concentrations. Exceptions to the general pat-
tern of estuarine Si uptake were the Malo River and Swan Inlet
in 2019, where we observed evidence of Si release, possibly
due to the remineralisation/dissolution of biogenic Si follow-
ing a spring diatom bloom.

Concentrations of PO4
3� were highest at the seaward end

of all estuaries on both sampling occasions, and we observed
active estuarine removal in all transects except the Malo River
in 2017. The behavior of NO3

� was generally similar where it
was present in sufficiently high concentrations at the seaward
end of the estuary (notably the Murrell and San Carlos Rivers
in 2017). Where NO3

� concentrations were uniformly low
across the salinity gradient (Malo River and Swan Inlet on
both sampling occasions) there was little scope for further
processing, although we did observe apparent NO3

� removal
in Swan Inlet in 2019 (Fig. 5j). Assuming that higher seawater
NO3

� concentrations observed at the other sites in 2017 were
representative of coastal ocean values at the time, we infer
that N uptake had likely already occurred between true seawa-
ter and the lowest estuarine sampling point (possible reasons
for differences between estuaries are discussed below). In any
case, it is clear that marine inputs of N and P in these “upside-
down” estuaries were being actively utilized by the estuarine
biota where available.

Our hypothesis that high inputs of highly humic and
unmodified DOM would result in active estuarine removal via
physicochemical processes such as flocculation was not
strongly supported. We observed DOC removal in the estuary
on only three occasions: in the San Carlos estuary in 2017,
and in the lower part of the Malo and Murrell estuaries in
2019. It is notable that these were the three transects in which
freshwater DOC inputs were highest (1833, 2407, and
2132 μmol L�1 respectively, compared to ≤ 1250 μmol L�1 in
all other transects). It is therefore possible either that DOC
concentrations were sufficiently high to trigger flocculation at
these times, or that higher concentrations are associated with
weakly soluble, aromatic-rich organic compounds that are
more prone to flocculation (Anderson et al. 2019). However,
with the exception of the San Carlos River, freshwater
SUVA254 values were not particularly high, casting some doubt
on this explanation. Furthermore, we observed very little non-
linearity in Abs254, and few consistent changes in SUVA254

across the salinity gradient, arguing against preferential
removal of terrestrially-derived high-SUVA254 DOM. Neverthe-
less, it does appear that a proportion of terrestrially derived
DOM is removed in the estuary when inputs are high, and
indeed this interpretation is supported by visual observations
of brown staining on rocks in parts of these estuaries (Fig. 6).

While we found limited evidence of net DOC removal, we
did observe apparent net DOC production over some or all of
the salinity gradient in both the Murrell River and Swan Inlet,
on both sampling occasions. This was unexpected given the
high freshwater DOC inputs and the oligotrophic nature of all
estuaries, but repeated evidence of higher DOC in the low to
mid salinity range at these sites suggests a genuine production
or release mechanism. We cannot completely rule out a physi-
cochemical mechanism, such as aggregation/adsorption/set-
tling and disaggregation/desorption/resuspension of organic
molecules in response to changes in salinity, turbulence and
suspended sediments over a tidal cycle (e.g., Eisma 1986).
However, the congruence of DOC production with evidence
of active N, P, and Si uptake in the same parts of the estuary
suggest a biological mechanism. Previous studies have shown
that elevated nutrients favor DOC production over removal in
lakes and reservoirs (Evans et al. 2017) and several studies
have reported DOC production in eutrophic estuaries
(e.g., Abril et al. 2002; Looman et al. 2019; García-Martin
et al. 2021). We therefore hypothesize that the combination
of Si supply from the terrestrial system, and N and P supply
from seawater, may be driving a “hot zone” of biological activ-
ity in the mid-salinity zone of oligotrophic estuaries such as
those of the Falklands, leading to the production of autoch-
thonous DOC. Given the shallow and highly dynamic nature
of the estuaries, production is likely to be mainly by benthic
microalgae and bacteria (microphytobenthos), which is pre-
sent on the rocky substrate. The strong uptake of Si argues for
an important role of diatoms within the benthic community,
and is consistent with evidence that benthic diatoms can
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respond dynamically in order to exploit localized and short-
lived hotspots of Si availability in estuarine sediments
(Bondoc et al. 2016).

Based on the stoichiometric data shown in Table 3, it
appears that N may be limiting to growth in most cases. This
might not be the case if some of the DON present in the rivers
is bioavailable, or mineralized to inorganic N by biotic or abi-
otic processes; given high inferred concentrations, only a small
fraction of this DON would need to be bioavailable to substan-
tially alter overall N availability. Previous work has shown that
marine phytoplankton, including diatoms, are able to utilize
more labile forms of both DON and DOP (Fitzsimons
et al. 2020). However, in the absence of consistent evidence of
DOC removal in most of our estuary transects, it seems likely
that the majority of the freshwater DON input is transported
conservatively to the sea. Furthermore, the near-total depletion
of any NO3

� entering estuaries from the sea suggests intense
demand for N, which is not being met by any mineralization of
DON that is occurring. In the case of P, freshwater inputs of
both PO4

3� and DOP appear low, so marine PO4
3� inputs are

almost certainly influencing estuarine productivity, as
suggested by strong depletion of this PO4

3� within most estuar-
ies. For Si, freshwater inputs are clearly well in excess of biologi-
cal demand, but as a result of efficient removal within the
estuary it falls close to or below limiting concentrations (rela-
tive to P) at the seaward end of most of estuaries. Overall, there-
fore, it appears that all three nutrients are to some extent
influencing biological production in the Falkland estuaries,
with the specific limiting nutrient element varying in space
and time. It could also indicate some stoichiometric plasticity,
i.e., that different constituents of the ecosystem are able to uti-
lize different nutrients depending on their relative availability
(e.g., Glibert et al. 2013; Mäkelin and Villnäs 2022).

Microalgae are known to exude DOC in the form of simple
polysaccharides that do not contain nutrient elements, a

phenomenon that increases with the severity of nutrient-
limitation (Azam et al. 1983). The coincidence of DOC pro-
duction and low macronutrient concentrations in the mid-
estuary regions may therefore suggest that nutrient-stressed
algae in these locations were exuding DOC via photosynthetic
overflow production (reviewed by Thornton 2014). The
observed Si uptake within this section of the estuaries is con-
sistent with the inferred importance of diatoms, although
direct observation of the microphytobenthic community com-
position would be required to confirm this interpretation. It
could also occur if the amount of biomass in the estuaries was
declining following a spring algal bloom, leading to DOC
release via decomposition. On the other hand, observed ratios
of ΔDOC to ΔSi (6 to 37) are more similar to the Redfield-
Brzezinski C : Si ratio of 7.1, and might imply a tighter link
between Si uptake and DOC production, consistent with the
inferred importance of diatoms in the system. However, with-
out direct measurements of algal community composition,
growth and turnover, as well as macronutrient consumption
and release, this interpretation remains speculative.

Causes of variability between estuaries
We observed a surprising degree of spatial and temporal

variability in the biogeochemistry of the four estuaries sam-
pled, despite their broadly similar soils and land-use. The riv-
ers had uniformly low NO3

� and PO4
3� concentrations, while

DOC concentrations were more variable (both spatially and
temporally), but consistently high by global standards. Fresh-
water Si concentrations differed sharply between the two sam-
pling campaigns, but to a lesser extent between sites during
each campaign. The lower DOC and higher Si concentrations
in freshwater inputs to Swan Inlet are consistent with a lower
proportion of peat cover in this catchment, and higher
weathering inputs. More generally, however, differences in
estuarine biogeochemistry cannot be explained by differences

Fig. 6. Brown staining of rocks in the middle of the Malo Estuary, possibly due to removal of DOC from the water.
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in catchment properties or freshwater nutrient inputs. Instead,
they appear to be related to differences in NO3

� and PO4
3�

concentrations in the seaward end-member samples. Both the
Murrell and San Carlos Rivers connect fairly directly to deep
coastal waters which, as noted earlier, are high in nutrients as
a result of the Falkland Current. Conversely, Swan Inlet com-
prises a long, shallow estuary, while the Malo River flows into
the southern, inland end of Salvador Water, an extensive net-
work of shallow inlets extending 30 km inland from the open
ocean. In both estuaries, and especially the Malo, we speculate
that marine-derived N and P is removed from the water col-
umn before reaching the lower end of the estuary, for exam-
ple, through uptake by kelp beds, which are extensive around
the coast of East Falkland and can act as strong nutrient sinks
(Bayley et al. 2021). As a result, these poorly-connected estuar-
ies appear to be naturally oligotrophic throughout their salin-
ity gradients, and estuarine diatoms are less able to exploit
high rates of freshwater Si input. In contrast, the better-
connected Murrell and San Carlos receive larger inputs of
marine N and P, along with freshwater Si, and are thus able to
maintain a higher level of biogeochemical activity and
productivity.

The Falklands in a global context: Toward a conceptual
understanding of DOC and nutrient cycling in
oligotrophic estuaries

As highlighted by Vieillard et al. (2020), studies of estuarine
nutrient cycling have been heavily weighted toward eutrophic
and hypereutrophic systems in North America and Europe.
Our study adds to the smaller body of work that has been
undertaken in oligotrophic temperate systems, which may
provide useful insights into the biogeochemical functioning
of higher-latitude estuarine systems prior to human distur-
bance, and thereby help to enhance understanding of target
conditions for estuary restoration.

DOC concentrations in these estuaries are notably high by
global standards, due to extensive peat cover in the catch-
ments. However, these high concentrations do not dictate the
overall biogeochemical functioning of the estuary, with the
majority of terrigenous DOC apparently passing through the
system without being subject to biological or physicochemical
removal. This DOC, exported to the coastal ocean, may ulti-
mately transfer to long-term C sinks such as sediments or the
marine DIC pool, although evidence from tropical shelf seas
receiving high freshwater peat-derived DOC inputs suggests
that a high proportion is mineralized and degassed as CO2

(Zhou et al. 2021).
In the more nutrient-rich estuaries, we observed zones of

apparent in situ DOC production. This was unexpected,
because previous studies have suggested that DOC production
typically occurs in eutrophic estuaries and inland water bodies
(e.g., Evans et al. 2017; García-Martin et al. 2021). Our results
suggest that even naturally low-nutrient estuaries have the
potential to act as net sources of DOC to the marine system
when and where rates of primary production are high.
Autochthonous DOC production and physicochemical
removal (presumably of allochthonous DOC) appear to be
largely decoupled, with evidence of both occurring in different
parts of the salinity gradient on at least one occasion (Fig. 5o).

To a large extent, observed DOC production occurred
within “hot zones” of biological activity, typically in the upper
to middle estuary, where terrestrially derived Si mixes with
marine-derived N and P (Fig. 7). In our estuaries, biological
activity appeared to occur mainly in the benthic zone, but in
deeper, longer residence time systems planktonic uptake and
production may be more significant. Estuarine “hot zones” are
likely to be highly dynamic, with the peak of activity varying
temporally and spatially over every tide, and in response to
changes in terrestrial and marine nutrient supply. For exam-
ple, the marked difference in freshwater Si concentrations

Fig. 7. Conceptual illustration of nutrient flows, uptake, and production processes for the “upside down” estuaries of the Falkland Islands. Colored
arrows indicate dominant direction of flows for each nutrient, with widths illustrating concentrations and fluxes relative to their (riverine or marine)
sources. “Coastal inlets” are zones of high salinity but poor connectivity to the open ocean, which affect marine nutrient supply to the estuary where pre-
sent. The “DOM” flux encompasses both DOC and associated DON and DOP.
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between our two surveys suggests variable inputs to the estuar-
ies, possibly linked to hydrological conditions. While produc-
tivity at our study sites appears to be most strongly limited by
low concentrations of mineral N, widespread evidence of the
active removal of NO3

�, PO4
3�, and Si, as well as localized

examples of both removal and production of DOC, suggest
that these naturally oligotrophic estuarine ecosystems are
well-adapted to flexibly use scarce resources, derived from
both terrestrial and marine sources, depending on temporal
and spatial variations in nutrient concentrations and stoichi-
ometry. This flexible ecological functioning may have been
characteristic of many estuaries in the past, but has now in
many places been replaced by ecosystems adapted to continu-
ously exploit an excess of terrestrially-derived nutrients. This
has had detrimental impacts for ecosystem condition and
function such as harmful algal blooms, hypoxia, loss of water
clarity, decline of fish and shellfish populations (e.g., Kemp
et al. 2005; Wurtsbaugh et al. 2019), and emissions of green-
house gases such as nitrous oxide (Seitzinger et al. 2000).

Conclusions
We found limited evidence to support our original hypoth-

esis that estuaries receiving high inputs of relatively
unmodified peat-derived riverine DOM would act as efficient
“marginal filters” for land-ocean carbon transport through
physical and biological removal processes. Instead, we found
that the majority of freshwater DOC input was transported
through the estuary without substantial modification, with
localized DOC removal peaking at around 20%. However, and
despite extremely low terrestrial N and P export, we observed
active nutrient uptake in several estuaries, apparently driven
by the convergence of terrestrially-derived Si and marine-
derived N and P in the middle estuary. The shallow nature of
the estuaries and the observed Si uptake strongly point to a
role for benthic diatoms in these processes. On some occa-
sions this zone of high biological activity appears to have
resulted in net generation of DOC within the estuary, further
augmenting the already high land-to-ocean DOC flux. Given
the apparent importance of marine N and P supply, the degree
of connectivity between individual estuaries and the open sea
appeared to exert a strong influence on estuarine biogeochem-
ical processes. The dynamic flexibility of nutrient usage in
these relatively undisturbed, oligotrophic ecosystems may
offer clues to the natural reference state of high-latitude estu-
aries in other parts of the world, where agricultural and urban
nutrient exports have now to a large extent overwhelmed nat-
ural biogeochemical processes.

Data availability statement
All data presented in this article are included in Supporting

Information Table S1.
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