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Article history: The fast spread of SARS-CoV-2 virus in Italy resulted in a 3-months lockdown of the entire country. During this period,
Received 5 October 2021 the effect of the relieved anthropogenic activities on the environment was plainly clear all over the country. Herein, we

Received in revised form 9 December 2021
Accepted 10 December 2021
Available online 16 December 2021

provide the first evidence of the lockdown effects on riverine dissolved organic matter (DOM) dynamics. The strong
reduction in anthropogenic activities resulted in a marked decrease in dissolved organic carbon (DOC) concentration
in the Arno River (—44%) and the coastal area affected by its input (—15%), compared to previous conditions. The
Editor: Ouyang Wei DOM optical properties (absorption and fluorescence) showed a change in its quality, with a shift toward smaller
and less aromatic molecules during the lockdown. The reduced human activity and the consequent change in DOM
dynamics affected the abundance and annual dynamics of heterotrophic prokaryotes. The results of this study
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highlight the extent to which DOM dynamics in small rivers is affected by secondary and tertiary human activities as
well as the quite short time scales to return to the impacted conditions. Our work also supports the importance of long-
term research to disentangle the effects of casual events from the natural variability.

1. Introduction

Rivers connect a large portion of Earth's land surface to the ocean; their
input of a large amount of organic matter and nutrients stimulates biologi-
cal activity in coastal areas, contributing to making them one of the most
productive ecosystems on the Earth. Riverine inputs therefore have a pro-
found impact on the biogeochemistry of the world's oceans, playing a cru-
cial role in the global biogeochemical cycles (Aufdenkampe et al., 2011).
Because of its importance, riverine water quality is monitored worldwide,
and several parameters (e.g. oxygen, inorganic nutrients, pH, bacterial
load, heavy metals, contaminants) are measured in order to evaluate the
ecosystem status. Monitoring programs do not take into account dissolved
organic matter (DOM), even if it has been demonstrated that human-
related activities have induced changes in the quantity and quality of
DOM in rivers (Stanley et al., 2012; Xenopoulos et al., 2021). Through
the years, anthropogenic activities have increased the input of DOM to
the aquatic environment, and since anthropogenic DOM is different from
the natural one, being either more recalcitrant (e.g. the black carbon pro-
duced by combustion), or more labile (e.g. DOM from wastewaters or
urban sewage) (Xenopoulos et al., 2021), it can impact the functioning of
riverine ecosystems and the CO, fluxes from the rivers to the atmosphere.
Being the main source of energy for heterotrophic prokaryotes, DOM
fuels the microbial loop (Carlson and Hansell, 2015), whose proper func-
tioning regulates the dynamics of the whole food web, channeling energy
toward the higher trophic levels (Williams et al., 2019). DOM also screens
aquatic organisms from harmful UV radiation (Stedmon and Nelson,
2015) and directly influences the bioavailability of pollutants (Aiken
etal., 2011). Modification of DOM natural dynamics can therefore strongly
affect the wellbeing of riverine ecosystems, and consequently of the coastal
areas impacted by riverine inputs. For instance, an excess of DOM can limit
the light available to primary producers (Thrane et al., 2014; Wikner and
Andersson, 2012) or can be associated with eutrophication, leading to a
shift toward a net heterotrophy of the ecosystem (Deininger and Frigstad,
2019; Wikner and Andersson, 2012). DOM concentration and dynamics
in rivers is the result of the interplay among the inputs from natural (e.g.
in-situ production, soil leaching of plant root exudates) and anthropic
(e.g. industries, agriculture, oil combustion, water treatment plant) pro-
cesses, and the physico-chemical and biological re-elaboration and removal
of these inputs within the soil and the river itself. It can be therefore consid-
ered as a synthetic ecosystem descriptor and, as such, a very good proxy for
aquatic ecosystems' health (Deininger and Frigstad, 2019).

But what happens if the anthropogenic pressure is relieved or significantly
reduced? How will DOM dynamics respond in rivers and coastal areas? What
timeframe is needed to observe a response? The lockdown due to the COVID-
19 pandemic represented an unprecedented opportunity to answer these ques-
tions. In different parts of the world, the relief of anthropic activities due to the
COVID-19 control policies had a strong impact on the quality of both air and
surface waters. Indeed, the marked reduction of the monitored atmospheric
pollutants (e.g. CO, CO,, NO,, SO, PM, 5, PM;, hydrocarbons, etc.) (Elsaid
et al., 2021, and references therein) was observed. In over polluted rivers,
an improvement of the Water Quality Indexes (Dutta et al., 2020; Patel
et al., 2020), the decrease of heavy metal loads (Shukla et al., 2021), and
the restoration of natural bacterial communities (Jani et al., 2021) were also
reported. Since DOM dynamics is driven by the interaction of several factors,
it shows a non-linear response to changes in environmental forcing and
human pressure. As a consequence, DOM cannot be considered in the same
way as a pollutant and a decrease in its concentration cannot be considered
a necessary effect of the lockdown. Yet, taking into consideration the impact

of human activities on riverine DOM, it is reasonable to hypothesize that the
shut-down of a significant fraction of human activities would result in a
change in DOM dynamics.

In this paper, we show the first evidences and quantification of the lock-
down effects on riverine DOM dynamics in the Arno River (Tuscany, Italy).
This river (average discharge 86 m> sec ™', drainage basin 8228 Km?) is
characterized by a torrential hydrological regime (Retelletti Brogi et al.,
2020), high Dissolved Organic Carbon (DOC) concentration (Retelletti
Brogi et al., 2015, 2020; Santinelli, 2015), a medium-high anthropogenic
impact (Fig. 1), and it can be considered as a case study for DOM dynamics
in small Mediterranean rivers with similar characteristics and human im-
pact (Retelletti Brogi et al., 2020). The high-resolution record of DOM con-
centration and optical properties (absorption and fluorescence) available
for 2014 and 2015, years with contrasting riverine discharge covering a
wide spectrum of river variability (Retelletti Brogi et al., 2020), offers a
unique chance to compare the data collected in the COVID era with the
pre-lockdown regime.

2. Methods
2.1. Samples collection and treatment

In order to evaluate the effect of the lockdown on riverine DOM, sam-
ples were collected (1) from the spring to the mouth of the river; (2) in
the lower part of the river, with a high temporal resolution; (3) in the
coastal area in front of the river mouth.

(1) On March 5%, 2021, samples were collected at 14 stations along the
river, upstream and downstream of the main tributaries, cities, and in-
dustrial areas (Fig. 1). This period was chosen since previous data
showed the lowest DOM concentration in March, with a main terres-
trial origin, coincident with the lowest autotrophic activity (Retelletti
Brogi et al., 2020).

(2) From April 2020 to May 2021, surface river samples were collected two
times a week in the lower part of the river in Pisa (station 14, Fig. 1), at
the same location where samples were collected from January 2014 to
December 2015 (Retelletti Brogi et al., 2020). A high temporal resolu-
tion sampling, whose importance is often underestimated, is necessary
to be able to discriminate between the effect of a temporary relieve of
anthropic pressure, such as the COVID-19 lockdown, and the effect of
other disturbance events (e.g. floods or drought) that can have short-
time effects (i.e. day or week).

(3) On May 5 2020, 15 surface samples were collected within 12 miles
from the coast and 7 miles northward and southward of the Arno
River estuary.

All samples were collected into 2 1 HCl-cleaned polycarbonate bottles
(Nalgene), rinsed 3 times with the sample before filling, and kept refrigerated
and in the dark until filtration, within a few hours from the sampling (1 h for
the weekly samples). The samples were filtered by using a pre-washed 0.2 pm
pore size Polycap filter (Whatman Polycap, 6705-3602 capsules) into HCI-
cleaned 60 ml polycarbonate bottles (Nalgene), rinsed 3 times with the filtrate
before filling, and measured immediately after filtration.

2.2. Analytical measurements

Dissolved organic carbon (DOC) concentration was measured to obtain
quantitative information on DOM concentration. DOC was measured with
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Fig. 1. Arno River basin’s land coverage. Data from Copernicus Land Monitoring Service (CLC2018). The map is realized by using QGIS software (v. 3.12). The numbers refer
to the location of the sampling stations along the river. The tributary between stations 2 and 3 is the Canale della Chiana; the tributary between stations 7 and 8 is the
Ombrone Pistoiese; the tributary between stations 10 and 11 is the Usciana. The map on the left bottom corner shows the location of the coastal stations.

an analytical precision of +1 PM by using a Shimadzu Total Organic Carbon
analyzer (TOC-Vcsn), following the method described in Santinelli et al.
(2015). DOC Reference Material (Hansell, 2005) was used to verify
the instrument performance (CRM Batch #19 nominal concentration
of 40-43 UM; measured concentration 41.5 = 1.1 ©M, n = 81).

Absorbance spectra were measured in a 10 cm quartz cuvette using a
Jasco UV-visible spectrophotometer (Mod-7850) according to Retelletti
Brogi et al. (2020). The absorption coefficient at 254 nm (a,s4) and the
spectral slope between 275 and 295 nm (S,75_295) Were calculated by
using the ASFit tool (Omanovi¢ et al., 2019). Since primary CDOM absorp-
tion is caused by conjugated systems present in organic compounds having
the peak of absorption near 254 nm, a,s4 can be used to have quantitative
information on CDOM (Del Vecchio and Blough, 2004). The S;75_295 was
calculated to obtain information on the change in the DOM properties
since its values are inversely related to the average molecular weight and
aromaticity of the molecules.

Fluorescence excitation-emission Matrixes (EEMs) were obtained using
the Aqualog spectrofluorometer (Horiba) according to Retelletti Brogi
et al. (2020). The EEMs were elaborated using the TreatEEM software
(Omanovi¢ Dario, TreatEEM—program for treatment of fluorescence
excitation-emission matrices, https://sites.google.com/site/daromasoft/
home/treateem). A blank EEM (Milli-Q water) was subtracted from each
EEM and they were corrected for inner-filter effect (Lakowicz, 2006). The
Rayleigh and Raman scatter peaks were removed by using a shape-
preserving monotone cubic interpolation (Carlson and Fritsch, 1989).
PARAFAC analysis (drEEM Toolbox, Murphy et al., 2013) was carried out
on the EEMs, by merging the 2020-2021 dataset with the data from 2014
to 2015 (533 EEMs total). The validation of the PARAFAC model was per-
formed by (i) analyzing the sum of squared error for different models
(Fig. S1); (ii) visual inspection of the residuals between different models
(Fig. S2); (iii) core consistency results (Fig. S3); (iv) split-half analysis results
(Fig. S4); and (v) percentage of explained variance (99.6%, Fig. S5). The

analysis resulted in the validation (Fig. S5) of a 6-component model
(Fig. S6 and S7, Table S1). The emission and excitation spectra of the compo-
nents (Fig. S6) were compared with those published by using the OpenFluor
database (Murphy et al., 2014) and characterized as follows, component 1:
microbial humic-like compounds (C1,,;,); component 2: terrestrial humic-
like compounds (C2y,); components 3 and 5: fulvic-like compounds (C3g,
C5p); component 4: protein-like compounds (C4p,); component 6: polycyclic
aromatic hydrocarbons (C6p.1) (see Table S1 for further information and
Retelletti Brogi et al., 2020 for details on components identification). For
each sample, the total fluorescence was calculated as the sum of the 6 compo-
nents and normalized by the DOC concentration in order to evaluate the
changes in fluorescence regardless of the variation in concentration.

One ml samples for Heterotrophic Prokaryotes (HP) Abundance
(HPA) were fixed for 10 min with glutaraldehyde (GL, 0.05% final
concentration) and stored at —80 °C until the analysis. After thawing,
samples were stained with SYBR Green (Invitrogen Milan, Italy) 103
dilution of stock solution for 15 min at room temperature. Cell concen-
trations were assessed using a FACSVerse flow cytometer (BD BioSci-
ences Inc., Frankyn Lakes, USA) equipped with a 488 nm Ar laser and
a standard set of optical filters, at the Flow Cytometry Facility of the
Stazione Zoologica Anton Dohrn of Naples, Italy. FCS Express software
was used for analyzing the data and HP were discriminated from other
particles based on scattering and green fluorescence from SYBR Green
(Balestra et al., 2011).

2.3. Environmental conditions

Temperature and conductivity were measured with a portable multipa-
rameter probe (Hanna HI98194). Daily average river discharge, precipita-
tion, and air temperature were downloaded from the Regional Hydrological
Service (Www.sir.toscana.it). Precipitation data for 122 meteorological sta-
tions since 2004 were averaged in order to reconstruct the climatology.
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2.4. Socio-economic data

Data and information on the anthropic activities within the Arno River
basin affected by the lockdown were gathered from regional and national
databases.

Industrial activity is expressed as an index of regional industrial produc-
tion at the provincial-sectorial level in Tuscany (IRIP). The IRIP indicator is
elaborated by the Regional Institute for economic planning of Tuscany
(IRPET) and describes the evolution of industrial production within the
Tuscany region. Data on the arrival of foreign tourists, as well as the move-
ment of local people for tourism, were obtained from the statistics division
of the Tuscany Region (https://www.regione.toscana.it/statistiche/dati-
statistici/turismo); these data are publicly available on an annual basis.
Data on transportation were gathered from, (i) the Italian Civil Aviation Au-
thority (ENAC), which provides information about the airplane's move-
ments (in or out) from each Italian airport on an annual basis, and (ii) the
Google community mobility report, which provides the percentage of vari-
ation inland transportation, categorized according to the purpose of the
movement, related to a baseline (calculated as the median value, for the
corresponding day of the week, during the 5 weeks Jan 3-Feb 6, 2020;
https://www.google.com/covid19/mobility/).

2.5. Statistical analyses

For all the parameters, the significance of the differences between the
years (2014, 2015, 2020-2021) was tested by using the Kruskal-Wallis
test (Origin software). Differences were considered significant at the thresh-
old of p < 0.05. A principal component analysis (PCA, Legendre and
Legendre, 2012) was applied to the data of the 6 FDOM components after
standardization of the variables. PCA was performed using the R software
(Team R Development Core, 2018). A stepwise regression approach
(Draper and Harry, 1998) was used to analyze DOC temporal variability
versus some explanatory variables that track sources and processes driving
DOC evolution in the river. At each step of the regression analysis, indepen-
dent variables were chosen if their contribution to the model was signifi-
cant. Among the explanatory variables, the water temperature represents
a proxy of the autochthonous DOC production, while bacteria abundance
is a proxy for the potential decomposition rate of DOC. River discharge is
used to describe the soil leaching and transport of DOC during flood events.
Given that the flood duration can last from 1 to several days and the
sampling could not catch the exact moment of the highest correlation
value between DOC concentration and runoff (Retelletti Brogi et al.,
2020), we tested the 1, 2 and 3 days discharge averages before the
sampling. Additionally, since drought periods enhance the accumulation
of organic matter in the soil that can be leached and transported by a
flood event, we included in the model the discharge averages for the 30,
60, 90, 120 days before the sampling. Finally, we chose to add some
dummy variables (i.e., variables assuming the values of 1 in a specific pe-
riod and 0O otherwise) to indicate the presence (1) or absence (0) of the
COVID-19 lockdown impacts on human activities (e.g., tourism, transport,
industry, agriculture). Thus, we tested the hypothesis that allochthonous
DOC production and transport into the river have been impacted by the re-
duction of human activities during the lockdown. Since the timing of the re-
duction of human activities during 2020 cannot be identified precisely
(i.e., there have been possible mismatches between Italian restriction regu-
lations and the effective reductions of human activities) we build several
dummy variables and let the stepwise regression analysis select the most
statistically relevant lockdown period. The analysis was performed with
the stepwise fit Matlab statistical toolbox that uses an initial constant
model and takes forward steps to include new variables based on their sta-
tistical significance (F-statistics at p-level or 0.025).

2.6. Remote sensing analysis

Weekly data from 2016 to 2019 were used to obtain the weekly clima-
tology, which is then used as a reference for the analysis. The analysis of
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Chlorophyll-a (Chl-a) concentration was based on the Sentinel-3 OLCI
(Ocean and Land Colour Instrument) full spatial resolution imagery,
which properly captures the fine-scale variability associated with the
coastal environment. We collected the full-time series (May 2016 - to pres-
ent) of OLCI Level-2 full resolution (300 m) data from the EUMETSAT
(European operational satellite agency for monitoring weather, climate
and the environment from space) data center. Level-2 products were then
extracted and remapped over a regular equirectangular grid off the Arno
River mouth. We applied the CMEMS (Copernicus Marine Environment
Monitoring Service) operational regional algorithms for phytoplankton
chlorophyll retrieval (Volpe et al., 2019), adapted to OLCI bands, and im-
plemented daily. The OLCI daily time series is then turned into a weekly
time series by averaging on a pixel-by-pixel basis. For each pixel, the aver-
age and standard deviation are computed from a data cube of 3 pixels x 3
pixels X 7 days. This averaging reduces the impact of possible noise, com-
mon at these small scales, and increases spatial coverage mined by lack of
data mostly due to clouds. The climatology has the same spatial resolution
as the weekly data to which it is compared (nominally 300 m). Finally, we
consider the difference between the 2020 weekly observations and the
weekly climatology at the scale of the pixel, expressed as weekly mean
anomalies (WMA):

- Weekly opservarions 020 = Weekly climatotogyr16-2019

WMA
Weekly Climatology?016-2019

3. Results
3.1. Allochthonous sources of DOM to the Arno River

The samples, collected from the spring to the mouth of the river in
March 2020 (sampling 1 in the methods), allowed for the identification
of the main DOM enrichment areas within the river drainage basin and
therefore for the primary allochthonous sources of DOM to the Arno
River. A 125 ©M DOC total enrichment was observed from the spring
(50 uM) to the mouth of the river (175 uM) (Fig. 2), approximately
0.5 UM DOC per km. The increase is not linear and point source ef-
fects were observed along the river path. The highest increase in
DOC (+ 130 uM) was observed downstream station 2 (after the
Canale della Chiana tributary, Fig. 1) although the 43% of DOC en-
richment was removed after the input of this tributary (Fig. 2) sug-
gesting its labile form. Surprisingly, after Florence (station 6,
Fig. 1), the biggest city along the river, a slight decrease in DOC
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Fig. 2. DOC concentration from the spring to the mouth of the Arno River. The
numbers refer to the sampling stations (their location on the basin is shown in
Fig. 1).
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was observed (Fig. 2). The Ombrone Pistoiese (discharging between
stations 7 and 8, Fig. 1), and the Usciana (discharging between sta-
tions 10 and 11, Fig. 1) tributaries determined a 28 and 59 uM DOC
enrichment, respectively (Fig. 2). Downstream station 12 no change
in DOC was observed (Fig. 2). Specifically, the Canale della Chiana
tributary (between stations 2 and 3, Fig. 1) drains an area mostly
used as agricultural land, and passes through a gold processing in-
dustrial area; the Ombrone Pistoiese tributary (between stations 7
and 8, Fig. 1) drains a region that is characterized by a large por-
tion of agricultural land, with a large number of greenhouses, and
by the presence of textile industries; the Usciana tributary (between
stations 10 and 11, Fig. 1) receives the wastewater from many tan-
neries and paper-mills. All these anthropic activities may represent
an important source of DOM to the Arno River, although, due to the
large spatial coverage of agriculture areas (Fig. 1), the main input is
expected to come from the intensive agriculture activities. The un-
expected lack of DOC enrichment after the city of Florence, and
the many small cities located along the river, is due to the high bi-
ological lability of the DOM pool within the urban wastewaters
(Regnier et al., 2013), allowing its rapid removal by the microbial
community. This observation is further supported by the evidence
of enhanced chemical oxygen demand measured after the Florence
settlement (Cortecci et al., 2009).

3.2. How the lockdown affected the anthropogenic activities in Tuscany

Tuscany was one of the Italian regions most affected by the lockdown.
During (March-May 2020) and immediately after (June 2020) the lock-
down, the decrease in industrial production (—21.9%) was higher than
the national one (—18.6%; IRPET, 2020). This depends on the industrial
sectorial composition of Tuscany that is specialized in those sectors that
more than all the others were affected by the lockdown restrictions.

A drastic reduction of all the industrial activities (—50%) was observed
in April 2020, with values slowly going back to the pre-lockdown values
since August 2020 (Fig. S8a). Compared to the average between 2012
and 2019, in 2020, a 57% reduction in the total tourist arrivals (— 7.5 mil-
lion people), 79% if considering only the foreign tourist, was registered in
Tuscany (Fig. S8b). These data are available only on a yearly time scale, im-
plying that these percentages would have been much more relevant if only
the months of the lockdown would have been taken into account. The re-
duction of tourists, as well as the restrictions to travel, was also reflected
in a 54% decrease in air traffic (i.e. 67,574 less airplane movements) in
the two major airports in Tuscany (Pisa and Florence), compared to the av-
erage between 2014 and 2019 (Fig. S8c). A drastic reduction in inland
transportation was also observed. The 2020 Google community mobility re-
port shows a decrease of up to —97% between February and May 2020
(Fig. S8d).

Regarding the food compartment, the publicly available data from the
Tuscany Region database suggest that in 2020 agriculture was not signifi-
cantly affected by the lockdown restrictions. The total cultivated agricul-
tural land was 9.63-10', 9.78:10'6, and 9.63-10'® Ha in 2018, 2019, and
2020, respectively. Yet, it is not possible to exclude an effect on specific cul-
tivation type (i.e. change in cultivated crops) or harvest, both factors being
able to influence soil composition and its organic matter content. It was not
possible to gather data on flowers cultivation and livestock, which have
been significantly affected by lockdown restrictions according to the Re-
gional Institute for economic planning of Tuscany (http://www.irpet.it).

3.3. The lockdown impact on DOC concentration

In order to test our hypothesis that the removal of a significant fraction
of human activities affected DOM dynamics, the data collected in 2020 and
2021 (sampling 2 in the methods) have been compared with those mea-
sured in 2014 and 2015 (Retelletti Brogi et al., 2020). The published data
on DOC and DOM optical properties (absorption and fluorescence) repre-
sent a reference point for DOM dynamics in the river in “normal”
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conditions, which includes contrasting hydrological conditions. Their com-
parison with the data collected in 2020-2021 therefore allows to identify
changes mostly ascribable to the lockdown.

DOM dynamics in 2020-2021, similarly to 2014 and 2015 (Retelletti
Brogi et al., 2020), showed a clear seasonality with the lowest DOC values
in winter and a marked increase in spring, in correspondence with the in-
crease in temperature, to reach its maximum in summer (Fig. 3). During
the lockdown (April 24" to May 12, 2020) DOC values (189 + 8 M)
were significantly lower (—27%) than those observed in 2014 and 2015
during the same period (258 + 17 pM, and 261 + 21 M, respectively;
Fig. 3). This difference slightly increased in summer (June and July)
reaching —30% of DOC concentration with respect to 2014 and 2015.
From August, the difference with the previous years was less marked, al-
though a 21% reduction in DOC concentration was still observed be-
tween October and December 2020 (Fig. 3), when a partial lockdown
was again established. These results clearly show an offset in DOC
concentration between April and December 2020 with respect to
previous years, even if the cycle followed the expected seasonal
variability. Since December 2020, DOC values were comparable to the
pre-lockdown ones (Fig. 3).

A stepwise regression was carried out to test whether the observed de-
crease in DOC concentration was a consequence of the human activity re-
duction following the lockdown. This analysis identified 7 factors that
explain the variability of DOC in the Arno River (Table S2). Among the se-
lected factors, the average discharge of the 90 days before the sampling is
the most significant variable followed by a dummy variable for the period
March-July 2021 (p-value in Table S2). These two terms have both a nega-
tive impact on DOC concentration (coefficient of the regression model in
Table S2). The next two most important variables are the water tempera-
ture and the 2-day run-off that represent the positive factors associated
with autochthonous DOC production and flood events, respectively. Two
other variables, the 30-day run-off average and a second dummy variable
for the Aug-Nov 2020 period, contribute negatively to the reconstruction
of the DOC variability even if with a lower effect than the other variables.
Finally, the degradation of DOC due to the HP has a low marginal effect, in-
deed the HPA is the last variable to be included in the regression model.
Other variables have been excluded from the final regression model given
their low level of significance (p-values>0.05; Table S2). The final regres-
sion model reconstructs remarkably well the DOC time series (Fig. 4), re-
producing the interannual, seasonal, and most of the high-frequency
variability with an error of =39 uM.
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Fig. 3. Arno River DOC concentration in 2014, 2015, 2020, and 2021, bars
represent the standard deviation (n = 3).
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Fig. 4. Time series of DOC observations (black) and values reconstructed by using the stepwise regression model (red).

3.4. Effects on DOM quality

In agreement with DOC, the absorption coefficient at 254 nm (azs4),
showed a significant reduction (—26%) during the lockdown (April 24t
to May 12", Fig. $9). During the rest of the year, this difference was re-
duced, except for July and August when a reduction of 11-16% was still ob-
served with respect to 2014 and 2015. Compared to the previous years, the
CDOM spectral slope, S275 295, indicates a change in the average molecular
weight and aromaticity of the molecules in the CDOM pool. In particular,
between April and December 2020, Sy75 295 was higher than in 2014 (on
average + 14%) and 2015 (on average + 8%) (Fig. 5). The higher values
of So75_295 suggest the predominance in the DOM pool of molecules that
are smaller and less aromatic in 2020 than in 2014 and 2015. Moreover,
the observed Sa75_295 decrease between June and July 2020 suggests a
change in DOM molecular properties. Since December 2020, So75_o95 re-
aligns to the values observed in 2014 and 2015, as observed for DOC.

Fluorescence data further support the change in DOM quality. The total
fluorescence normalized by DOC showed values lower in 2020 and at the
beginning of 2021 than in 2014 and 2015; from March 2021 the values
are comparable to those observed in 2015 (Fig. 5). The largest difference
(—41 to —46%) was observed between May and August 2020.

To better evaluate changes in FDOM, a PCA analysis was carried out on
the 6 fluorescent components (Fig. 6).

The score of the first two principal components, which explain up to 76%
of the total variances, show a marked difference in the fluorescence proper-
ties of DOM in 2020-2021 compared to 2014-2015. The 2020-2021 data
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are grouped in an opposite quadrant with respect to 2014-2015 data
(Fig. 6). The first component (PC1) is a positive combination of all fluorescent
components except C5¢, while the second component (PC2) is a positive com-
bination of Clyy,, C4;, and C5¢ with a lower and negative contribution from
C2¢, C3¢, COpan (Fig. 6). Thus, it emerges that Cly,, and C4,, contribute
equally to PC1 and PC2, having no particular influence on the distribution
of the samples. On the other hand, C2,, C3, and C6,1, in opposition with
C5, drive the observed separation of the 2014-2015 and 2020-2021 samples
in the first two components projection.

The distribution of the samples is also reflected in the annual dynamics
of these components in 2020-2021 (Fig. S10). Both components C3; and
C5¢ can be identified as fulvic-like, having only a small shift in excitation
and emission maxima (Fig. S6, Table S1). The small blue shift in excitation
and emission maxima of C5¢ with respect to C3¢ suggests that C5¢ fluoro-
phores are on average smaller and less aromatic than C3; fluorophores.
These two components have an opposite behavior in 2020-2021 with re-
spect to 2014-2015; C3¢ fluorescence is strongly reduced in 2020-2021
with respect to 2014-2015, whereas C5¢ was markedly higher in 2020-
2021 than in 2014-2015, when it showed a very low fluorescence
(Fig. S10). These data suggest that the fulvic-like compounds present in
2014-2015 were replaced by similar but smaller and less aromatic com-
pounds in 2020. These results are in agreement with the high values of
S275-205 observed in 2020. Component C6pap, attributed to polycyclic aro-
matic hydrocarbons-like molecules, showed one of the biggest differences
among years, being reduced by 72 to 92% in 2020 with respect to 2014
and 2015, respectively.
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Fig. 5. Arno River CDOM spectral slope (Sa75_295) in 2014, 2015, 2020, and 2021 (left panel), error bars represent the standard deviation (n = 3); Arno River DOC normalized

total fluorescence in 2014, 2015, 2020, and 2021 (right panel).
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Fig. 6. Results of the PCA carried out on fluorescence data. Red lines and dots refer
to loadings and scores of the first two principal components. The colors of the
symbols identify the sampling year.

3.5. The change in DOM dynamics affected the microbial loop

Since HP are the main consumers of DOM, their abundance was used to
evaluate if and how changes in DOM dynamics affected the microbial loop,
also inferring a potential impact on the higher trophic levels. In 2014 and
2015, HPA gradually increased from May (Fig. 7), showing a linear correla-
tion with water temperature (Retelletti Brogi et al., 2020). Differently, in
2020, HPA did not increase until the end of June, when a sudden, sharp in-
crease was observed in a very short time (Fig. 7). This HPA maximum
persisted for 1 month and coincided with the change in Sy75 295 (Fig. 5).
Both Cl,, and C4, components increased in correspondence with the
peak in HPA (Fig. S10). This observation suggests that the low HPA values,
measured before July 2020, may have been caused by the presence of a
qualitatively different DOM, which is also reflected in a coincident relative
increase in the High Nucleic Acid (HNA) subpopulation (Santos et al.,
2019), indicating a shift in the prokaryotic community composition
(Fig. S11). Before July, the HPA lower in 2020 than in 2014 and 2015
may therefore have determined a reduced transfer of energy to the higher
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Fig. 7. Annual trend of the heterotrophic prokaryotes abundance (HPA) in 2014,
2015, 2020, and 2021.
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trophic levels, whereas between July and Octber 2020, HPA was markedly
higher than in previous years.

3.6. Impact of the lockdown on the coastal area

The marked reduction in DOC, observed in the river between April and
August 2020, resulted in a decrease in the total DOC flux to the coastal area.
The average daily DOC flux during this period (5.9 - 10° g DOC day ~ ') was
indeed 58% less than in 2014 (1.4 - 107 ¢ DOC day '), with average daily
water discharg 43% lower. The impact was much more striking with re-
spect to 2015 (8.6 - 10° g DOC day %) when a 31% reduction of DOC flux
was observed despite a reduction of the average daily water discharg of
only 16%.

The observed DOC reduction in the Arno River is also mirrored by the
very low DOC concentration in front of the river mouth (Fig. S12) during
the lockdown. DOC concentration, measured in 15 stations within
12 miles from the coast (Fig. 1), was 58 + 3 UM (range = 48-62 LM;
Fig. S12). These values are 15% lower than data collected in the same
area between 1998 and 2015, showing an average DOC concentration of
68 + 5 M over different seasons (Retelletti Brogi et al., 2015).

Satellite images show a marked reduction in the Chl-a concentration,
with respect to the 2016-2019 climatology (Fig. 8). In particular, it is evi-
dent a consistent decrease in the weekly Chl-a concentration anomaly
from 1 April to 12 May 2020. It is noteworthy that the most marked anom-
aly (dark area in Fig. 8) is coherent with the main path of the Arno River
plume (moving northward the estuary). This clearly indicates that the
coastal pattern of Chl-a concentration during the lockdown was strongly
controlled by the coastal plume dynamic, which connects inland water in-
puts with the coastal marine environment. The low DOC concentration in
the coastal area could be a combination of a low input by the Arno River
and a low in-situ production, probably due to a low riverine input of
nutrients.

4. Discussion
4.1. How do human activities impact the riverine DOM dynamics?

The 125 uM DOC enrichment, observed from the spring to the mouth of
the Arno River in March 2021, can be mostly attributed to allochthonous
sources, being in-situ production at its minimum (Retelletti Brogi et al.,
2020). Being riverine DOM an integrated result of natural and anthropic in-
puts and the physico-chemical and biological re-elaboration of these inputs
within the soil, the river itself and the processes occurring in the watershed,
its potential sources can be only determined indirectly. In addition, within
the soil the transformation mechanisms affecting the concentration and
properties of the DOM finally transferred into the rivers are poorly
known, and a chemical characterization of DOM both in the soil and in
the water is still missing. For all these reasons, it is not possible to quantify
the anthropogenic inputs and so far there is no way to disentangle the con-
tribution of the different sources to riverine DOM.

The interruption of a large number of human activities during the lock-
down, in particular industries and transportations (Fig. S8), is therefore ex-
pected to influence DOC dynamics in the river. Indeed, the comparison of
our data with those collected in 2014-2015, combined with the stepwise
analysis, provides a robust evidence that the restriction to the human activ-
ities significantly reduced the DOC concentration in the river (Figs. 3 and 4)
and changed its optical properties (Figs. 5, 6, S9, and S10). The stepwise
analysis allowed to quantify a riverine DOC reduction of 130 and 20 UM,
corresponding to 44% and 7% of the mean annual concentration, in 2 pe-
riods. The first period is between April and July 2020, corresponding to
the almost complete restriction to human activities during the first phase
of the COVID-19 pandemic and their partial relief in the following 2 months;
the second period is between August and November 2020, corresponding to
the recovery of some activities, but with still many restrictions, especially
for tourism and transportation, as shown from the mobility data
(Fig. S8d). It is, therefore, reasonable to state that at least 130 UM of DOC
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Week 22 - 28 April

Week 15 — 21 April

Fig. 8. Weekly Chlorophyll-a concentration anomaly in the area in front of the Arno River mouth. The week 22-28 April and the week 6-12 May correspond to the week
before and the week after the sampling. Data from the sampling week are not available due to cloud cover.

in the river (those reduced during the strong lockdown) are due to an-
thropic activities. The link between DOC reduction and lockdown is further
supported by the “recovery” of the system to its pre-lockdown conditions
since December 2020, when most of the restrictions were relieved, as also
shown by the rejection of the other dummy variables (Table S2).

It is important to stress that, from a climatic point of view, 2020 was not
significantly different from the average conditions (i.e., 2004-2021 clima-
tology, Figs. S13, and S14), thus excluding environmental factors as drivers
of the observed changes in DOM dynamics.

One of the main effects of the marked reduction in industrial activities
and transportations was a noticeable improvement in air quality (Elsaid
et al., 2021). Industrial activities, as well as rail, road, and air traffic, con-
tribute to organic carbon through particulate matter (PM) emission into
the atmosphere (Chow et al., 2011). The improvement of the air quality
could have therefore had an important role in the observed reduction of riv-
erine DOC, being the atmospheric deposition an important and overlooked
source of DOC to the Mediterranean area (Galletti et al., 2020). Atmo-
spheric organic carbon can reach the riverine water both directly by atmo-
spheric deposition on the water and indirectly by the deposition on land
and vegetation which can be then flushed to the river by the rain or by an
increase in the water level. In order to roughly estimate the contribution
of atmospheric deposition to the DOC pool in the Arno River before the
lockdown, we assume that the range of its concentration in atmospheric de-
position reported in the literature over the Mediterranean area
(59-153 m mol Cm ™2 yr~%; de Vicente et al., 2012; Djaoudi et al., 2018;
Galletti et al., 2020; Pulido-Villena et al., 2008) is valid for the Arno River
drainage basin (8.23:10° m?). This calculation indicates a flux ranging be-
tween 16 and 41-10° g C day ! (5.8 and 15.110° g C yr~1). These values
are very similar to the total DOC flux from the Arno River to the Mediterra-
nean Sea (5.1-12.9-10° gCyr~ 1 (Retelletti Brogi et al., 2020). To the best
of our knowledge, there is no information about the percentage of atmo-
spheric organic carbon deposited over the river drainage basin reaching riv-
erine water. It would be crucial to quantify the amount of atmospheric DOC

that reaches the river since, even if we assume that only 10% will reach the
river, this input would increase riverine DOC concentration by 17-46 UM,
supporting the relevance of this source. It is important to stress that these
values are probably underestimated since the data reported in the literature
mostly refer to remote sites, whereas the river drainage basin is highly af-
fected by anthropic activities. A reduction of 45% of atmospheric black car-
bon (i.e. the carbon produced by incomplete combustion) due to the
lockdown was observed in Spain (Tobias et al., 2020). Assuming a reduc-
tion of atmospheric OC similar to that observed in Spain, the lockdown
could have caused a 6-16:10° g C day ~ 'reduction in atmospheric deposi-
tion to the river drainage basin. The reduced input of anthropogenic
DOM from the atmosphere is also supported by the marked reduction in
C6pan (Fig. S10); this component is attributed to the presence of PAHs, com-
monly found in rivers worldwide because of anthropogenic activities
(Mojiri et al., 2019). As PHAs are big aromatic compounds, a decrease in
their abundance is also supported by the decrease in the average aromatic-
ity of the molecules indicated by the increase in So7s5_295.

The marked reduction in industrial activities in Tuscany (Fig. S8a) may
also have a direct effect on DOM in the river due to the reduced wastewater
discharge. Most of the industries have wastewater treatment plants; data
about the amount and the kind of compounds discharged into the river
are not available, making very difficult to quantify these inputs and their re-
duction due to the COVID-19 lockdown. Nevertheless, it is known that the
most water-polluting industries, in terms of organic contamination, are
those dealing with organic raw materials (UNWWAP, 2003) (e.g. food,
drinks, paper, and textile industries), which are abundant in the Arno
River basin.

The observed shift toward a smaller and less aromatic DOM pool (i.e.
higher spectral slope, Fig. 5), the decrease in total fluorescence (Fig. 5),
and the changes in the fulvic and PAH-like components (Fig. S10) are diffi-
cult to compare with other studies. Human activities can have contrasting
effects on riverine DOM, they can either increase or decrease the average
molecular weight and aromaticity, and these effects are highly context-
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dependent and variable on a local and regional scale, according to the char-
acteristics of the watershed (Xenopoulos et al., 2021). The effect of human
disturbance on DOM properties is indeed influenced by several factors,
such as soil structure, lithology, climate, vegetation cover, population den-
sity, crops type, industrial activity (Lambert et al., 2017; Xenopoulos et al.,
2021).

Tourism may have had a direct effect on riverine DOM through the
decrease in sewage organic load ascribable to the presence of fewer peo-
ple over a certain area with respect to previous years. The effect of this
reduced sewage input on DOC concentration is probably not visible
since sewage mostly brings labile DOM (Regnier et al., 2013). It is there-
fore probable that this contribution is not measurable since it is rapidly
removed, as it can be observed from the lack of DOC enrichment after
the city of Florence (Fig. 2). It is possible to hypothesize that the reduc-
tion of labile DOM may have contributed to the low HPA until July since
HP had less labile DOM to use for their growth. Tourism can also have
important indirect effects on DOM reduction by influencing both traffic
and agriculture; fewer tourists mean less transportation as well as re-
duced food needs.

4.2. Changed DOM dynamics: implication for the riverine and coastal ecosystems

Considering that DOC in Mediterranean rivers ranges between 92 and
500 UM (Retelletti Brogi et al., 2020; Santinelli, 2015), and between 36
and 90 UM in both the Mediterranean Sea and the global ocean (Roshan
and DeVries, 2017; Santinelli, 2015), the observed decrease in the Arno
River (up to 130 uM) is highly significant. Due to its complex nature (i.e. nu-
merous sources and transformation processes) and its multiple interaction
within the aquatic environment, it cannot be stated weather this marked re-
duction in DOC had an overall positive or a negative effect on the riverine
ecosystem and the coastal area. Yet some positive effects can be high-
lighted, with the support of the results shown in previous studies.

1. In the river, the reduced DOM concentration and the different quality
impacted the microbial loop:

a. The reduced HPA until July and the delay in the HP growth in 2020
with respect to the previous years, might result in a reduction of mi-
crobial respiration rates, reducing the CO, released into the atmo-
sphere. This is further supported by the shift in HNA bacteria within
the community (Fig. S11). Taking into account the decrease in DOC
and the lower HPA observed between April and July 2020 than in
2014-2015, one can estimate the decrease in CO,. Assuming that all
the missing DOC was labile (and therefore consumed by the HP com-
munity in a relatively short time), and taking into account the HP
growth efficiency (HPGE) calculated for the Arno River estuary
(Retelletti Brogi et al., 2021), it is possible to estimate a 2.4-7.6 -
10° g C day ! decrease in the CO, released into the atmosphere in
2020 compared to 2014 and 2015. This calculation may however
overestimate the reduction in CO, fluxes, due to the assumption that
all the missing DOC is labile and therefore entirely uptaken by the
HP. Another way to estimate the “missing CO, production” is to use
the HPA abundance and indirectly retrieve the HP carbon demand
(HPCD) by using the Arno HPGE (Retelletti Brogi et al., 2021).
These calculations indicate a reduction of the CO, flux to the atmo-
sphere of 0.5-3.0 - 10° g C day ! compared to 2014-2015.

b. Between July and October 2020, a much higher HPA, together with a
longer persistence of its maximum (i.e. almost 2 months), was ob-
served with respect to 2014 and 2015 (Fig. 7). An increased biomass
when the resources (i.e. DOM, Fig. 3) are reduced is surprising. The
explanations can be several and would need further investigation,
but with the available data, it was possible to observe a change in
DOM quality in 2020. This suggests that a higher fraction of the
2020 DOM was used to build biomass instead of being used for respi-
ration, leading to a possible increase in the energy transfer to the
higher trophic levels;
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2. The reduction in DOM together with its different quality could increase
microbial diversity in both the river and the estuary. It has indeed been
observed that the composition of the microbial community and its func-
tioning vary according to the composition of the DOM pool (Logue et al.,
2016; Osterholz et al., 2016; Xenopoulos et al., 2021). DOM composi-
tion has been also demonstrated to affect primary production (Creed
etal., 2018; Kelly et al., 2018; Xenopoulos et al., 2021) and alter ecosys-
tem respiration rates and metabolism (Jane and Rose, 2018). The satel-
lite analysis, indeed, revealed that the anomalous pattern of Chl-a
concentration along the coastal area was significantly affected by the
buoyancy Arno River plume (Fig. 8), which showed a coherent along-
shore dynamic. Anomalies of Chl-a concentration, which represents
the most direct indicator of phytoplankton biomass in coastal environ-
ments, were likely connected to riverine inputs (Colella et al., 2016).
An increase in bacterial diversity due to the lockdown restrictions has
been observed also in the Godavari River (India, Jani et al., 2021).

3. In both the riverine and coastal environment, a reduction of DOM, in
particular of humic-like substances, will reduce the ability of DOM to
complex pollutants and metals, leading to lower bioavailability of
these substances. It has indeed been observed that the increase in DOC
concentration is correlated to a higher bioavailability of metals and pol-
lutants to both bacteria (Aiken et al., 2011; Chiasson-Gould et al., 2014;
Pothier et al., 2020) and bigger organisms (Bourdineaud et al., 2019),
and to a higher production of toxic compounds such as methylmercury
(Bravo and Cosio, 2020), favoring their bioaccumulation in the higher
trophic levels and posing a threat to human health.

4. The complexation between DOM and metals is also an important issue in

those regions where riverine water is the source for drinking water pro-
duction (Matilainen et al., 2011). DOM concentration is correlated with
the production of toxic disinfection by-products (DBPs) during chlorina-
tion (Zhang et al., 2020), a fundamental step in water treatment plants.
A decrease in DOM concentration would therefore simplify the drinking
water treatment, increasing the efficiency and reducing the cost.
A 31-58% reduction in DOC flux from the river could be highly benefi-
cial for the coastal area. It has indeed been shown that a high load of
terrestrial DOM might advantage heterotrophs (Andersson et al., 2013;
Wikner and Andersson, 2012), causing a shift in the composition of the
biological community, that can ultimately lead to a net heterotrophy of
the system (Deininger and Frigstad, 2019). This condition (i.e., increase
in respiration and decrease in oxygen production) can increase the re-
lease of greenhouse gases and favor processes such as (i) hypoxia
(Andersson et al., 2013; Lapierre et al., 2013; Wikner and Andersson,
2012), (ii) changes in benthic and pelagic community composition
(Deininger et al., 2017; Jessen et al., 2015; Moy and Christie, 2012),
and (iii) reduced efficiency in energy transfer to higher trophic levels
(Deininger and Frigstad, 2019).

5. Conclusions and perspectives

The unfortunate circumstances of the lockdown due to the COVID-19
pandemic allowed to observe a period of strongly reduced anthropogenic
pressure. For the first time, it was possible to grab a snapshot of an almost
background condition which provided an estimate of the real impact that
human activities can have on the riverine and coastal environments.

Our data not only show the first evidence of the impact of the lockdown
on DOM dynamics in rivers, but also allowed to quantify for the first time
that at least 44% of DOM in the Arno River is ascribable to human-
related activities, mostly from secondary and tertiary sectors, stopped dur-
ing the lockdown. This percentage is astounding and indicates that a very
large fraction of DOM in this small river does not come from ‘natural’ pro-
cesses, but from anthropic activities. This percentage is probably higher be-
cause it does not include the reduction of sewage (mostly biological labile
DOC) due to the much lower number of tourists.

The high temporal resolution sampling (two times per week) together
with the detailed, parallel analysis of the climate components (i.e. dis-
charge, precipitation, temperature) as well as of the biomass indicator
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(chlorophyll-a in the coastal area), allowed us to discriminate the effect of
the lockdown from single disturbance events that could affect the DOM dy-
namics on the short temporal scale.

Moreover, our study gives insights into the impact of lockdown to the eco-
system, bringing evidences that the change in both DOM concentration and
quality affected the abundance and trend of heterotrophic prokaryotes, that
are a key component of the riverine ecosystem, starting the microbial loop.

Finally, by covering up to 1 year after the lockdown (from April 2020 to
May 2021), our results show the return of the system to pre-lockdown con-
ditions, supporting on one hand the link between the observed changes and
the temporary stop of the anthropogenic activities, on the other hand the
short-time effect that the lockdown had on the ecosystem (i.e. approxi-
mately 6 months to go back to pre-lockdown conditions). Even though fur-
ther studies, aimed at a better quantification of the external inputs and their
effects on the riverine biological community, are surely needed, it is evident
that many of the putative anthropogenic sources that contribute to riverine
DOM could be kept under tighter control even after a back-to-normal of
human activities. The observed short time needed to the riverine DOM to re-
turn to pre-lockdown conditions even with a not full relaunch of the activities,
highlights that such a strong reduction of anthropogenic pressure for a short
period can give very limited beneficial effects to the riverine ecosystem. This
suggests that different, even small yet constant, practices can be suggested in
order to reduce the impact of human activities on the river. For instance, ex-
haust can be filtered, DOM in industrial wastewater could be better treated,
anthropogenic DOM release in the atmosphere could be better controlled.
All the above would drive small rivers toward a status likely closer to a sustain-
able regime than that regularly observed before the lockdown.

Thanks to their rapid response to environmental changes, small rivers
can be considered as sentinels and used to investigate the effects of restora-
tions actions as well as the effect of global changes and human activities.
Our work also stresses the importance of long-term research on key areas
in order to disentangle the effects of casual events from natural variability.
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