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Highlights:

® All studied rivers were acting as significant sources of atmospheric GHG

® Main factors governing riverine GHG production vary across rivers

® Urban rivers are emission hotspots of all greenhouse gases

® GHG mitigation measures should be more specifically targeted at urban rivers
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Abstract

Growing evidence shows that riverine networks surrounding urban landscapes may be
hotspots of riverine greenhouse gas (GHG) emissions. This study strengthens the
evidence by investigating the spatial variability of diffusive GHG (N,O, CH,4, CO,)
emissions from river reaches that drain from different types of landscapes (i.e., urban,
agricultural, mixed, and forest landscapes), in the Chaohu Lake basin of eastern China.
Our results showed that almost all the rivers were oversaturated with dissolved GHGs.
Urban rivers were identified as emission hotspots, with mean fluxes of 470 emol m™
d* for N,O, 7 mmol m?d™ for CH,4, and 900 mmol m™ d™* for CO,, corresponding to
~14, seven, and two times of those from the non-urban rivers in the Chaohu Lake
basin, respectively. Factors related to the high N,O and CH,4 emissions in urban rivers
included large nutrient supply and hypoxic environments. The factors affecting CO,
were similar in all the rivers, which were temperature-dependent with suitable
environments that allowed rapid decomposition of organic matter. Overall, this study

highlights that better recognition of the influence that river networks have on global
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warming is required®particularly when it comes to urban rivers, as urban land cover
and populations will continue to expand in the future. Management measures should
incorporate regional hotspots to more efficiently mitigate GHG emissions.

Keywords: Watershed; Chaohu Lake Basin; Carbon dioxide; Methane; Nitrous

oxide; Urban

1. Introduction

Nitrous oxide (N,O), methane (CH,), and carbon dioxide (CO,) are well-known
greenhouse gases (GHG) (Raymond et al. 2013, Reay et al. 2012). Recent monitoring
by the World Meteorological Organization showed that their concentrations in the
global atmosphere have reached 331.1+0.1 parts per billion (ppb), 1,869+2 ppb, and
408.0£0.1 parts per million (ppm), steadily increasing by 123%, 259%, and 147%
since the mid-18th century, respectively (WMO 2019). Such high atmospheric GHG
enrichment has resulted in a number of issues, including global warming and
associated ecological damages (Convey and Peck 2019). An Intergovernmental Panel
on Climate Change (IPCC) report showed that global warming is likely to reach
1.5 °C in the next 10730 years as GHG are continuously added to the atmosphere,
which undoubtedly increases climate-related risks for natural and human systems
(IPCC 2018). GHG emissions from various ecosystems have thus become one of the
key issues in ecology and global change research (Raymond et al. 2013,
Yvon-Durocher et al. 2014). Direct GHG production from terrestrial ecosystems as a

result of intensified human activities has been well documented, and thus has become
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a relatively well-constrained component of the global GHG budget (Quick et al. 2019).
In contrast, GHG emissions from river networks have received less attention and are
consequently less constrained, although studies have increasingly demonstrated that
rivers play an important role in global GHG budgets that is disproportional to their
areal extent (Borges et al. 2015b, Cole et al. 2007). Therefore, including more
measurements of in-stream GHG emissions is essential to close knowledge gaps in
both global and regional GHG assessment efforts as well as to gain a better

understanding of the mechanisms behind riverine GHG production.

Forested, urban and agricultural rivers that drain different watershed landscapes
result in different riverine dissolved GHG concentrations and fluxes (Borges et al.
2018, Mwanake et al. 2019). Of these, forested rivers were most frequently found to
have low GHG emissions per unit area. For example, Borges et al. (2018) showed that
forested rivers are important N,O sources although their areal emissions were
generally lower than agricultural rivers. They can also behave as N,O sinks, as
exhibited in some tropical forested rivers where DO levels were low and microbial
conversion of N,O to N, was strong, particularly when they are connected to wetlands
(Borges et al. 2019). Audet et al. (2020) also observed source-sink dynamics of N,O
emissions in forested streams from Sweden. For CH, and CO,, forested rivers are
usually found to be significant atmospheric sources, as observed in the Amazon river
(Amaral et al. 2018, Melack et al. 2004) and Congo river (Borges et al. 2015a). Such
differences among GHG types and across regions underscores the complexity of GHG

emissions from forested rivers, implying the necessity of more regional-specific GHG
4



measurements.

In contrast to emissions from forested rivers, GHG emissions from agricultural
rivers have received more attention, ranging from low-order headwater streams
(Outram and Hiscock 2012, Schade et al. 2016, Wilcock and Sorrell 2008) to
high-order rivers (Turner et al. 2015, Xia et al. 2013). These studies consistently
documented the significance of GHG emissions from agricultural streams and rivers,
largely due to high inputs from surface runoff and groundwater recharge as well as
strong in-stream GHG production (Laini et al. 2011, Qin et al. 2020, Xia et al. 2013).
The main controls are dependent on riverine physical and chemical conditions,
including carbon and nitrogen (N) availability, temperature, dissolved oxygen (DO),
and pH (Quick et al. 2019, Stanley et al. 2016). A growing number of studies focusing
on agricultural rivers have improved the methods for regional- and global-scale GHG
budget accounting (Tian et al. 2019, Wallin et al. 2014), while also drawing more
attention to refined agricultural practices designed to better mitigate GHG emissions

(Mwanake et al. 2019, Peterson et al. 2001).

Urban-impacted river networks, however, receive less attention, though they are
fed by treated and untreated sewage and their GHG emissions are sometimes
substantial. Existing studies on urban rivers were mainly focused on their spatial and
temporal patterns of GHG emissions, the influences of sewage discharge and
damming (e.g., Jin et al. (2018), Li et al. (2020), Wang et al. (2020)). For example,

several studies documented that the highest GHG (N,O, CH4, CO,) emissions were



often observed in rivers surrounded by highly urbanized regions (e.g., He et al. (2017),
Wang et al. (2020), Wang et al. (2018) and Yu et al. (2013)). Their areal GHG
emissions can be several to tens of times those reported in nearby less-urbanized
rivers. Similarly, a parallel analysis of the sewage-draining river sections also
indicated that their GHG emissions were up to 10 times higher than the river sections
without sewage discharge (Hu et al. 2018). Other studies discerned that damming on
urban rivers had an amplifying effect on GHG emissions (Jin et al. 2018, Yang et al.
2020). Overall, GHG emissions from urban rivers are higher than those of forested
rivers. In many circumstances, urban river emissions appear to be even higher than
those of zero-order agricultural streams, which are widely accepted as GHG emission
hotspots (Liu et al. 2019, Smith et al. 2017). These studies consistently support a
growing awareness that urban-impacted rivers are likely greenhouse gas emission

hotspots.

However, surface water emissions of CO,, CH4, and N,O have rarely been
determined basin-wide in river systems that drain different watershed landscapes. The
compiled data from different rivers across the world (as shown in Table 1S) suggested
that GHG fluxes from some agricultural and forested rivers were even higher than
most of the urban rivers, showing that the roles of the specific river types in
contributing GHG fluxes are unclear. This points to the need for more careful
investigations on GHG emissions from different rivers. Moreover, current bottom-up
GHG budget accountings mainly emphasize agricultural and forested rivers (e.g.,

Audet et al. (2020), lurii et al. (2014), Melack et al. (2004), Reay et al. (2012), and
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Tian et al. (2019)), with poor considerations of urban rivers, although urban rivers
could contribute even higher GHG emissions. This further underscores the necessity
of more reasonable specifications on GHG emissions from urban rivers. In the future,
as urban land and population continue to expand, the associated contributions of GHG
to climate forcing will undoubtedly increase. Thus, quantification of the magnitudes
and controls of GHG fluxes from urban rivers is critical to comprehensively
understand global climate change processes and formulate GHG mitigation strategies

for sustainable development.

This study determined whether urban rivers behave as regional hotspots of
diffusive greenhouse gas (N.O, CH,4, CO,) emissions as compared to other river types.
Here, the urban rivers drain watersheds with > 20% of the urban area. We measured
riverine dissolved N,O, CH,4, and CO, concentrations in 95 different river reaches in
the mixed-landscape Chaohu Lake basin of eastern China; 19 of the reaches
represented urban rivers. The remaining 21, 18, and 37 reaches were agricultural,
forested, and mixed river reaches. All GHG data were obtained following the same
sampling, storage, and measurement protocols, which allowed us to focus on the
differences in GHG emissions between the rivers in a comparable way. In addition to
addressing the overall scientific question, this study also aimed at answering the

following specific questions:

1) What are the magnitudes and patterns of GHG concentrations in river
networks in a mixed-landscape basin?

2) What riverine physical and chemical conditions are influencing riverine GHG



saturation?
3) What are the controls of the spatial variabilities of GHG emissions among

rivers?
2. Materials and methods

2.1 Study area and sampled riverine types

Chaohu Lake is the fifth-largest freshwater lake in China (Fig. 1), with a surface
area of ~780 km? and a basin area of ~13,500 km?. It lies on the north shore of the
lower reaches of the Yangtze River, and is adjacent to the highly developed and
densely populated Yangtze River delta. The lake is mainly fed by 33 rivers, but only a
few (e.g., the Nanfei and Hangbu rivers) contribute most of the water. The population
in the basin has reached 10.2 million, most of which is concentrated in the highly

urbanized northern area.

To reveal the magnitudes and their controls of GHG emissions, we measured
dissolved GHG concentrations in 95 river reaches in the Chaohu Lake basin. To
further compare the GHG emission differences among rivers, we separated the river
reaches into different types®i.e., urban, agricultural, forested, and mixed river
reaches. The distinctions were made according to the landscape compositions in the
watersheds, which drained into these sampled sites. Here, the four types®forested
watersheds (forests > 50%), agricultural watersheds (cropland > 60%), urban
watersheds (urban > 20%), and mixed watersheds (forest O 50%, cropland O 60%, and
urban O 20%)&were sorted and their mainstems were defined as corresponding

riverine types (Zhang et al. 2020). The cutoff percentages used to establish the river
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classification sought a compromise between accurate classification of river type and
local landscape composition to better balance the collected data to ensure that each
group had a similar number of datasets. Thus, though our classification may not be
precise, it is adequate to test our hypothesis that urban rivers are hotspots of riverine

GHG emission.
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Figure 1. Sampling stations and land cover in the Chaohu Lake basin. To determine
the differences in GHG emission among rivers, we grouped 95 river reaches, where
the samples were obtained, into four types: urban (U), agricultural (A), forested (F),
and mixed (M) rivers, according to the main landscape compositions in their
drainages.



2.2 Sample collection and analysis

Samples were collected from 95 sites throughout the Chaohu Lake basin at
bimonthly intervals between February 2018 and December 2018, so that six visits
were made to each site and 570 samples were collected in total. Of the 95 sites, 19, 21,
18, and 37 of them were collected from river reaches in urban, agricultural, forested,
and mixed watersheds, respectively. For each sampling visit, water samples were
collected at a depth of 20 cm below the water surface from bridges using a Niskin
bottle. Subsamples for N,O and CH, analysis were then transferred into borosilicate
serum bottles (135 ml). Several volumes were allowed to overflow, and a 0.2 ml
saturated ZnCl; solution was added to stop microbial metabolism. The sample bottles
were sealed with a rubber septum with no headspace or bubble, and stored underwater
at 4  during the transportation but kept at ambient temperature ~12 hours before
analysis. Subsamples for CO, analysis were obtained using polypropylene syringes.
Three 50 mL syringes were used to take 25 ml water samples with a mix of 25 mL air
of known CO; concentration and gently shaken for 5 min to allow for equilibration
under in-situ conditions. The headspace volume (25 mL) was then transferred into a
new gastight syringe and carefully preserved to avoid gas leakage. More details about
this can be found in Dalsgaard et al. (2000) and Teodoru et al. (2015). We also
collected 600 ml of surface water at each sampling site using a polyethylene bucket to
measure  water quality concentrations, including total nitrogen (TN),
ammonia-nitrogen (NH4-N), nitrate-nitrogen (NO3-N), nitrite-nitrogen (NO2-N), total

phosphorus (TP), and the permanganate index of chemical oxygen demand (COD).
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