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ATMOSPHERIC SCIENCE

Global inland-water oxygen cycle has changed in

the Anthropocene

Junjie Wang1*, Xiaochen Liu'?*, Alexander F. Bouwman', Lauriane Vilmin'?,
Arthur H.W. Beusen'-3, José M. Mogoll6n4, Wim J. van Hoek’, Jack J. Middelburg1

Inland waters are an important resource, a highly diverse habitat, and a key component of global biogeochemical
cycles. Oxygen plays a major role in inland-water ecosystem functioning, but long-term changes in its cycling re-
main unknown. Here, we quantify global inland-water oxygen production, consumption, and exchange with the
atmosphere during 1900-2010 using a spatially explicit, mass-balanced, mechanistic model that takes into ac-
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count changes in climate, hydrology, human activities, and the coupled biogeochemical (oxygen-nutrient-organic
matter) dynamics. The model results show that global inland-water oxygen turnover increased during 1900-2010:
production from 0.16 to 0.94 Pg year™' and consumption from 0.44 to 1.47 Pg year™ . Inland waters overall re-
mained heterotrophic and a sink of atmospheric oxygen. Direct human perturbations (changes in hydrology and
nutrient supply) were more important in increasing oxygen turnover than indirect effects via warming.

INTRODUCTION

Oxygen is crucial to sustaining the life of organisms in aquatic envi-
ronments (I). Oxygen in aquatic environments influences redox
processes (2), nutrient biogeochemistry (3-5), production and con-
sumption of greenhouse gases (6, 7), water quality (8, 9), biological
activities (10, 11), and ecosystem health (12, 13). Oxygen can be
produced by primary producers via photosynthesis and consumed
by a series of processes including respiration of organisms, decom-
position of organic matter, and nitrification (14). As a dissolved gas,
oxygen in waters readily exchanges with the atmosphere according
to its saturation state (14). Oxygen cycling is linked to that of other
biogenic elements such as carbon, nitrogen, phosphorus, silicon,
and sulfur (15-21). However, global inland-water oxygen cycling is
less studied and understood compared with that of carbon, nitro-
gen, phosphorus, and silicon.

Over the past decades, nutrient mobilization from various ter-
restrial sources to inland waters has rapidly increased due to the
ever-increasing population, food production, fertilizer use, intensi-
fication and expansion of agricultural land, and wastewater dis-
charge (22-24). The nutrient enrichment in inland waterbodies
across the globe has caused eutrophication and algal blooms (25, 26).
The subsequent decay of algal detritus often depletes oxygen in the
water (27-29). This can cause secondary problems such as fish kills,
biodiversity loss, shift in community structure (to more hypoxia-
tolerant species), and habitat degradation (10, 12, 13), and can trigger
internal sedimentary nutrient release, which exacerbates eutrophica-
tion and related environmental problems (30-32).

Meanwhile, terrestrial soil loss and organic matter loading to
global inland waters have increased due to changes in climate and
land use (33, 34). The decomposition of allochthonous organic mat-
ter in inland waters further consumes oxygen during lateral trans-
port. Moreover, human perturbations of inland-water networks
(35), such as damming rivers and water withdrawal for irrigation,
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have prolonged water travel time (36) and increased organic matter
trapping (37), causing a shift in inland-water biogeochemical condi-
tions prone to oxygen-consuming processes.

Inland-water oxygen cycling is also impacted by global warming
at an unprecedented rate (38). Dissolved oxygen concentrations in
inland waterbodies tend to be lower with rising temperature (39, 40)
because higher temperature reduces oxygen solubility, enhances al-
gal production of organic matter, stimulates biogeochemical activi-
ties that decompose organic matter and consume oxygen, and limits
vertical transport of water and substances (41-44). Increased nutri-
ents and temperature can induce increases in both inland-water
oxygen production (by enhancing primary production) and inland-
water oxygen consumption (by stimulating aerobic respiration, or-
ganic matter remineralization, and nitrification). However, it remains
unclear whether and how the oxygen cycling in global inland waters
has changed due to these compounded global changes.

Recent studies report declining oxygen concentrations in inland-
water systems such as lakes and streams (40, 45-47), and machine
learning has been used to identify the environmental factors gov-
erning oxygen concentrations at different temporal and spatial
scales (39, 48). These observation-based analyses advance our pre-
dictive capabilities of oxygen conditions in many inland-water sys-
tems, the hotspot locations and extent of short-term hypoxia events
and their spatial correlation with specific environmental factors.
However, these studies with the focus on oxygen concentrations
have limited capabilities in advancing our understanding of global
oxygen cycling mechanisms in inland waters, particularly their
long-term changing dynamics and the coupling with nutrient load-
ing, organic matter accumulation, temperature, and flow regimes in
a world under unprecedented human impacts.

Process-based models are instrumental in improving our under-
standing of inland-water interactive transformation flows of bioac-
tive elements and their interconnections with the land, atmosphere,
and ocean. They have been developed and used for resolving the spa-
tiotemporal changes in carbon, nitrogen, phosphorus, and silicon
cycling as a result of compounded changes in climate, watershed hy-
drology, and human activities (34, 49-52). A mechanistic perspec-
tive from process-based approaches is lacking but imperative to
quantitatively understand the role of inland waters in the global
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oxygen cycle and to answer the questions of whether, when, where,
how, and why global inland-water oxygen cycling has changed.

A better understanding of inland-water oxygen cycling is essen-
tial to fill the knowledge gap and reveal the inland-water ecosystem
metabolism changes due to multiple anthropogenic stressors (53).
It also helps to better constrain the interconnected inland-water
biogeochemical cycles of carbon, nitrogen, phosphorus, silicon, and
other elements (3, 18) and to close their global budgets across the
reservoirs of the land, atmosphere, inland waters, and ocean. So far
inland-water oxygen cycling and its indicated ecosystem metabolic
states are not included in the assessment reports of Intergovernmen-
tal Panel on Climate Change or in Earth System Models to predict
historical and future carbon cycle and associated climate feedbacks,
which limits the development of more efficient and robust climate
change mitigation strategies.

Here, we aim to answer the crucial questions by quantifying the
dynamic global inland-water oxygen cycling (production, consump-
tion, exchange with the atmosphere, and transport to the ocean)
from the “nearly natural” 1900s (before substantial anthropogenic
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perturbations) to the present (2010) using the global spatially explic-
it, fully mass-balanced, integrated, mechanistic inland-water bio-
geochemistry model—Integrated Model to Assess the Global
Environment-Dynamic Global Nutrient Model (IMAGE-DGNM)
(Fig. 1 and fig. S1) (49). This process-based model explicitly resolves
the feedback of inland-water oxygen cycling to changes in the supply
of oxygen and nutrients from atmospheric deposition and various
terrestrial sources; transport of water and its carried oxygen, nutri-
ents, organic matter, and sediments along the aquatic continuum;
and coupled biogeochemical transformation processes of oxygen with
nutrients and organic matter within inland waters (see Materials and
Methods for more details).

Extensive validation for the model’s coupled nutrient dynamics
(including that of oxygen) and hydrology have been reported in pre-
vious publications (see summary in table S1). Our site-to-site, year-
by-year comparisons for a range of major river basins worldwide
(covering different continents, climate zones, hydrology, and hu-
man activities) since the 1920s showcase the agreement of the sim-
ulated oxygen concentrations, chlorophyll-a concentrations, and
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Fig. 1. Model scheme of the dynamic inland-water coupled biogeochemical flows and processes in the IMAGE-DGNM. The benthic elemental forms are not trans-
ported downstream. In the figure, “O," represents oxygen, processes marked with +0, and —O, represent the processes producing and consuming oxygen, respectively,
“NH,4*" represents ammonium, “NO, " represents the sum of nitrate and nitrite, “OM” represents organic matter, OMpp and OMpp}, represent organic matter generated by
pelagic and benthic primary producers, respectively, and OMpgr and OMpgry, represent detrital organic matter in the water column and sediments, respectively.
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hydrological flows with observations (figs. S2 and S3, and table S2).
Further validation is provided by comparing oxygen metabolism es-
timates with observations at the system scale (fig. S4) and by con-
sistency with global estimates on inland-water carbon cycling and
nitrification (table S3). A detailed model uncertainty analysis is also
presented (table S4). Then, we assess the simulated long-term evolu-
tion of global inland-water oxygen cycling from 1900 to 2010, exam-
ine its drivers using hypothetical factor-controlled scenarios, present
the historical trajectory of inland-water ecosystem metabolism, and
discuss the role of inland waters in the global oxygen cycle.

RESULTS AND DISCUSSION
Oxygen production in global inland waters
During 1900-2010, the simulated global inland-water oxygen pro-
duction increased nearly sixfold from 0.16 to 0.94 Pg O, year™" (Fig.
2A). Before the 1950s, this increase was slow, and was followed by a
rapid increase during the 1950s-1990s and a more tempered increase
in recent times. Furthermore, oxygen production shifted from pre-
dominantly benthic production (77%) in the 1900s toward mainly
pelagic production (63%) in 2010 (fig. S5, A and B) despite high spa-
tial heterogeneity (fig. S5C). The shift from a benthic toward a pelagic
dominance in oxygen production occurred in the late 1970s during
the fastest increase in oxygen production rates (Fig. 2A and fig. S6A).
Nutrients have strongly influenced inland-water primary pro-
duction. The increasing pattern of simulated inland-water oxygen
production is similar to the increase in nutrient loading to inland
waters from 27 to 68 Tg nitrogen year™' during 1900-2010 (Fig. 2
and fig. S8A). Simulation of inland-water oxygen cycling under a
scenario with unchanged nutrient loading to inland waters after the
1900s shows that oxygen production would increase threefold over
the 110-year period (to 0.50 Pg year™" in 2010; Table 1). This indi-
cates that without the 1900-2010 increase in nutrient loading, the
increase rate of oxygen production would be 56% less (than the base
scenario with the historical nutrient loading increase).

The Anthropocene has also seen alterations to the water cycle.
With the growing number of constructed reservoirs since 1900 (fig.
S8D), our model shows that the contributions of lentic waters to
global inland-water oxygen production increased from 53% in the
1900s to 85% in 2010 (fig. S7A). Under the base scenario with im-
pacts of increased water residence time during 1900-2010, nutrient
regeneration from organic matter mineralization within inland wa-
ters increased by more than threefold (50), serving as an internal
nutrient supply that fueled increased oxygen production. Under the
scenario of oxygen cycling with unchanged hydrology (i.e., inland-
water volume, area, and discharge) after the 1900s, the present-day
oxygen production would be 0.29 Pg year™', which indicates that
the oxygen production increase without the historical increase in
water residence time would be more than 80% (0.66 Pg year™") less
(Table 1).

Warmer temperature can increase aquatic primary production
(54, 55). Under another scenario of oxygen cycling with unchanged
temperature after the 1900s, the simulated present-day oxygen pro-
duction would be 0.85 Pg year™', i.e., 11% (0.09 Pg year™') lower
than the base scenario under which the global annual average
temperature increased by 1.4°C during 1900-2010 (fig. S8E). This
warming-enhanced oxygen production increase has been observed
in warming temperate lakes (45).

The 1900-2010 historical changes in external nutrient loading,
warming, and water residence time synergistically account for 97%
of the simulated oxygen production increase compared to the 1900s
(Table 1). However, as these anthropogenic pressures have different
focal points on the global scale, there are some important spatial
patterns in oxygen production changes that have emerged. In 1900,
before intensifying human impacts, the largest inland-water oxygen
production was in humid warm areas such as Amazon, Orinoco,
Parana, Congo, and island basins in Asia and Oceania (Fig. 2B),
where vigorous natural vegetations delivered substantial nutrients
to surface waters (22). In 2010, the highest inland-water oxygen pro-
duction extended beyond these natural hotspots to regions receiving
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Fig. 2. Spatiotemporal changes in the simulated global oxygen production in inland waters during 1900-2010. Temporal changes during 1900-2010 (A), spatial
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figures, “Tg year™ " represents teragrams per year, and “Gg year
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represents gigagrams per year.
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Table 1. Comparison of the simulated present-day inland-water oxygen cycling under the base scenario and under scenarios with a single driver
(among temperature, external nutrient loading, and hydrology, respectively) unchanged and with the three major drivers unchanged after the 1900s.
Note that all oxygen flows are rounded to 0.01 Pg year™". A and its following numbers in parentheses represent the temporal changes in the present-day
oxygen flows compared with those in the 1900s before intensifying human perturbations. § and its following numbers in parentheses represent the differences
in the present-day oxygen flows between the base scenario (with compounded historical changes during 1900-2010) and those simulated under the scenarios
controlled with a single driver unchanged or three drivers unchanged since the 1900s. The controlled drivers are temperature, external nutrient loading, and

water residence time. See Materials and Methods for more details.

Inland-water oxygen cycling (Pg year™)

Period Scenarios External oxygen Oxygen Oxygen Oxygen exchange River oxygen
input production  consumption with the export to the
atmosphere ocean
1900s Before intensifying human 0.01 0.16 0.44 0.66 0.37
perturbations
Present-day period Base scenario (with compounded 0.02 0.94 1.47 0.95 0.42
(represented by the historical changes during 1900-2010) (A =40.01) (A =+0.79) (A =+1.03) (A =+40.29) (A =+0.05)
year 2010) Scenario with unchanged 0.02 0.85 1.30 0.82 038
temperature after the 1900s (A =+0.01) (A =+0.69) (A =+0.96) (A =+0.16) (A =+0.01)
(6 =—-0.00) (6 =—-0.09) (6=-0.17) (6=-0.12) (6 =—0.04)
Scenario with unchanged external 0.02 0.50 0.78 0.71 0.42
nutrient loading after the 1900s (A =+0.01) (A =+0.34) (A =+0.34) (A =+0.04) (A =+0.05)
(6 = —0.00) (6 =—0.44) (6 =—0.69) (6 = —0.25) (6 =+0.00)
Scenario with unchanged water 0.02 0.29 0.85 0.93 0.36
volume, area, and discharge after the (A =+0.01) (A =+40.13) (A =+4041) (A =+40.27) (A =-0.01)
1900s (6 =-0.00) (6 =-0.66) (6 =-0.63) (6 =-0.02) (6 =—0.06)
Scenario with unchanged external 0.02 0.18 0.46 0.66 0.37
nutrient loading, temperature, and (A =+40.01) (A =+0.02) (A =+0.02) (A =+0.01) (A =-0.00)
hydrology (water volume, area and (6 =—0.00) (6=-0.77) (6 =-1.02) (6 =—0.28) (6 =—0.04)

discharge) after the 1900s

large anthropogenic nutrient loading from agriculture and wastewa-
ter discharge (fig. S8), such as southeastern North America, western
and central Europe, southern and eastern Asia, coastal Oceania,
central and southern Africa, and eastern South America, but more
concentrated in mainstream channels and downstream reaches (Fig.
2C and fig. S9A). This spatial concentration of oxygen production
may be related to the availability of inorganic nutrient forms in wa-
tersheds, which supports photosynthesis. While organic forms dom-
inate nutrient loading to watersheds (56), recent studies show that
due to inland-water transformations, the inorganic proportion down-
stream increases during the nutrient transport along the aquatic con-
tinuum (49-52), and these inland-water transformations are enhanced
by the prolonged residence time due to damming rivers (50, 57). The
increased availability of inorganic nutrients downstream thus enhances
local oxygen production.

Throughout the period 1900-2010, the lowest inland-water oxygen
production mainly occurred in low-temperature (e.g., Greenland,
northern Asia, and northwestern North America) and dry regions (e.g.,
northern and southwestern Africa, central Oceania, and western Asia)
(Fig. 2, B and C). However, with warming, increased nutrient loading,
and damming rivers worldwide, inland-water oxygen production has
become prevalent, extending toward higher latitudes (Fig. 2D). In 1900,
tropical zones contributed the most to global inland-water oxygen pro-
duction, while in 2010, the largest contributing regions shifted to sub-
tropical and temperate zones in the southern Hemisphere.

Oxygen consumption in global inland waters
During 1900-2010, the simulated global inland-water oxygen con-
sumption increased from 0.44 to 1.47 Pg year ' (Fig. 3A). Oxygen

Wang et al., Sci. Adv. 11, eadr1695 (2025) 4 April 2025

consumption in both the water column and sediments increased
(fig. S5). Benthic processes dominated total oxygen consumption in
the entire 110-year period, although its proportion overall decreased
from 82 to 60% (fig. S5, A and B) and showed high spatial variability
(fig. S5F).

Our model results show that the inland-water oxygen consump-
tion was mainly caused by aerobic mineralization of (allochthonous
and autochthonous) organic matter, followed by nitrification and
respiration of algae (fig. S6). During 1900-2010, aerobic mineraliza-
tion of organic matter, nitrification, and algal respiration increased
by a factor of 3, 4, and 9 during 1900-2010, respectively (fig. S6).
The shares of nitrification (from 14% to 17%) and algal respiration
(from 6% to 16%) in total oxygen consumption increased at the ex-
pense of aerobic mineralization of organic matter, which declined
from 80 to 67%.

Since the 1900s, the delivery of allochthonous organic matter
from terrestrial to inland-water systems nearly doubled (fig. S8B),
which is less rapid than the sixfold increase in autochthonous inland-
water organic production (as is also indicated by inland-water oxy-
gen production discussed above; Fig. 2). Under the scenario with
unchanged nutrient loading to inland waters after the 1900s, the
simulated oxygen consumption would increase less than twofold
over the 110-year period (Table 1). This indicates that the increase
rate of total oxygen consumption would be 67% less than the base
scenario with the historical increase in nutrient loading. This is be-
cause with the increased availability of allochthonous and autoch-
thonous organic matter in inland waters during 1900-2010 (fig.
S8B), inland waters function as an active reactor transforming or-
ganic to inorganic carbon via mineralization of organic matter and

40f12

G20z ‘20 |1dy uo Bio'a0us I0s" MMM/ SA1IY LWOJ) papeouUMoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A Inland-water O, consumption I
1400 ~ I I
1200 - I
- 1000 I
3
> 800 A I
S i
© 600 T
'_
I T
- T
400 »
Gg year™
=0
- 0-0.5
200 0.5-1
1-5
5-10
0 T T T T T T T T T IQ }8512(0)00
F 2 P o AP P PR -3
I FFFF S S q,QQ ® 25000 "

D 0, consumption (Tg year™1)

90°N
1900
—2010
F 60°N
F 30°N

o
uoNguUISIP [BUIPNIRET

I 30°S

[ 60°S

Total inland-water Oz consumption in 2010 0

y T 90°S
10 20
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respiration (49-52), during which oxygen consumption was largely
enhanced.

The prolonged water residence time due to damming has not
only enhanced increases in simulated oxygen and internal organic
production (Fig. 2 and fig. S8B) but has also increased oxygen con-
sumption (Table 1). This is because damming increases organic mat-
ter trapping and prolongs the time for biogeochemical processes
within inland-water systems, which largely enhances oxygen con-
sumption by mineralization. Consequently, the contributions of len-
tic waters to global inland-water oxygen consumption increased
nearly threefold, from 22% in the 1900s to 60% in 2010 (fig. S7B).
The present-day oxygen consumption under the scenario with un-
changed hydrology (i.e., inland-water volume, area, and discharge)
after the 1900s would be 0.85 Pg year™ ', i.e., 0.6 Pg year™' (~60%)
lower than that under the base scenario with historical changes in
hydrology (Table 1).

Global warming can also increase mineralization of organic mat-
ter (58, 59). The simulated present-day total oxygen consumption
would be 1.30 Pg year™' under the scenario with unchanged tem-
perature after the 1900s, i.e., 0.17 Pg year™' lower than that under
the base scenario with historical warming (Table 1). This 16% de-
cline in oxygen consumption due to absence of historical warming
is consistent with observed higher oxygen consumption in warming
environments (44, 45, 60).

The historical changes in external organic matter and nutrient
loading, warming, and water residence time during 1900-2010 syn-
ergistically account for 98% of the simulated oxygen consumption
increase compared to the 1900s (Table 1). As with oxygen produc-
tion, the spatial patterns of inland-water oxygen consumption also
reflect anthropogenic activities. Oxygen consumption tends to fol-
low the patterns of nutrient loading (Fig. 3, B and C, and fig. S8),
which is high in large agricultural areas and population centers
across watersheds. The external nutrient loading is mainly organic
(56) and can directly fuel in situ oxygen consumption, so that oxy-
gen consumption is more extensively distributed within watersheds

Wang et al., Sci. Adv. 11, eadr1695 (2025) 4 April 2025

compared with the scattered pattern of oxygen production. Never-
theless, our results show that hotspots of high oxygen production in
mainstream channels and downstream reaches (Fig. 2, B and C) are
also hotspots of high oxygen consumption fueled by locally pro-
duced organic matter. As a result of the increased external organic
matter delivery, global warming, and enhanced organic production
due to anthropogenic nutrient loading and prolonged water resi-
dence time, the simulated oxygen consumption increased in most of
the global inland waters during 1900-2010 (Fig. 3, B to D, and fig.
S9B). The increase in temperate and subtropical zones tends to be
larger than that in tropical and frigid zones, and the highest oxygen
consumption moved from tropical zones to subtropical and temper-
ate zones in the Southern Hemisphere, where the large surface water
areas with long residence time received increased external inputs of
nutrients and organic matter.

Inland-water oxygen cycling
Global inland waters are a sink for atmospheric oxygen in the An-
thropocene. The simulated influx from the atmosphere increased
from 0.66 Pg year ™" in the 1900s to 0.95 Pg year™" in 2010 (Fig. 4
and fig. S6). The present-day oxygen uptake from the atmosphere is
similar to oxygen production in inland waters (Fig. 4D). However,
this was not always the case during the evaluated 110-year span, es-
pecially in the period before intensified and expanded human im-
pacts. In the 1900s, oxygen uptake from the atmosphere was four
times as much as inland-water oxygen production because oxygen
production was largely limited by nutrient availability (Fig. 4A).
Because of increased external nutrient and organic matter supply
from terrestrial systems, warming, and hydrology changes, both
oxygen production and consumption rates have increased but at dif-
ferent rates. The ratio of simulated inland-water oxygen production
to consumption was lower than 1 during the entire period of
1900-2010 (Fig. 4C). At the start of the 20th century, oxygen
production was only one-third of oxygen consumption. In con-
trast, the present-day oxygen production balances two-thirds of
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the oxygen consumption. Although the ratio of simulated oxygen
production to consumption has been increasing due to a faster in-
crease in nutrient than organic matter supply from land, the net
oxygen production in inland waters, i.e., the difference between ox-
ygen production and consumption (also referred to as net ecosys-
tem production), has become increasingly negative from —0.3 Pg
year" in the 1900s to —0.5 Pg year " in 2010 (Fig. 4B). This estimate
of overall negative net oxygen production is consistent with the
Odum’s metabolic framework (61, 62) and the extensively documented
ecosystem-scale heterotrophic state of global inland waters (63-65)
and many individual systems (53, 54, 60-62, 66, 67), despite varying
extents across regions (54, 60, 66, 67). The pronounced net hetero-
trophy of inland waters is also reflected by their carbon dioxide ef-
fluxes (34, 54, 63-65, 68). Our estimated present-day net ecosystem
production (=0.5 Pg O, year™") in global inland waters falls within
the range of previous estimates using carbon fluxes (0.2 to —0.3 Pg
carbon year™' or —0.4 to —0.7 Pg O, year™'; table S3) (34, 63-65).
Moreover, our revealed increasingly negative net oxygen produc-
tion in global inland waters aligns with the warming-induced de-
crease in net ecosystem production in continental-scale streams
(table S3) (60). While the simulated global oxygen production and
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consumption are close to balance in the water column, oxygen is
invading inland waters to compensate for the net sedimentary oxy-
gen consumption (fig. S5). Although lentic waters have become
increasingly active in both oxygen production and consumption
processes, our model shows that most of the global inland-water
oxygen exchange with the atmosphere has occurred in lotic waters
during the evaluated 110-year period (fig. S7). This indicates the im-
portance of inland waters in the global oxygen cycle as both reactors
and transporters.

Without the synergistic impacts of historical changes in external
organic matter and nutrient loading, warming, and hydrology, the
simulated inland-water oxygen cycling in the present day and the
1900s would be very similar (Table 1). The present-day inland-water
oxygen uptake from the atmosphere would be 0.1 Pg year™! higher
under the base scenario with historical warming (fig. S8E) than un-
der the scenario with unchanged temperature after the 1900s (Table
1). This is mainly because historical warming has stimulated a larger
increase in the present-day inland-water oxygen consu Ipt10n (+0.2
Pg year™') than in oxygen production (+0.1 Pg year™"), wh1ch is
similar to the previously predicted decrease of 0.06 Pg year™" in net
oxygen production in streams under 1°C warming (table S3) (60).
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Fig. 4. Changes in the simulated global inland-water oxygen cycling and implications for inland-water ecosystem metabolisms and the global oxygen budget.
Temporal changes in the simulated global inland-water oxygen cycling budget (A), net oxygen production (i.e,, the difference between oxygen production and consump-
tion) in inland waters (B), the ratio of inland-water oxygen production to consumption during 1900-2010 (C), and the role of inland waters in the present-day (repre-
sented by the year 2010) global oxygen budget in terms of interactions with the atmosphere and the ocean (D). In (A), external oxygen input (in orange) is almost invisible
because this external input has been negligible (less than 5%) compared with oxygen production, consumption, atmospheric exchange, and export to oceans (see details
in fig. S6). In (B), the full gray column indicates the total inland-water oxygen consumption, the green-hatched part indicates the part of oxygen consumption balanced
by total oxygen production, and the lowermost gray part indicates the (negative) net oxygen production resulting from their difference. The ranges in (C) indicate intra-

decadal variations.
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Likewise, the simulated present-day inland-water oxygen uptake
from the atmosphere would be 0.2 Pg year™" higher under the base
scenario (with the historical growth in nutrient loading) (fig. S8)
than under the scenario with unchanged nutrient loading after the
1900s (Table 1). This is balanced by the difference in the present-day
net oxygen production between the base scenario (more negative
—0.5 Pg year™") and the scenario with unchanged nutrient loading
after the 1900s (—0.3 Pg year™).

In contrast, the simulated present-day inland-water oxygen up-
take from the atmosphere would be rather similar with or without
the historical changes in hydrology (i.e., inland-water volume, area,
and discharge) after the 1900s (Table 1). This change in oxygen up-
take from the atmosphere related to historical hydrology changes is
very small (0.02 Pg year™") because the increases in the present-day
oxygen production (+0.66 Pg year™ ') and consumption (+0.63 Pg
year ") due to historical hydrology changes nearly balance each other.

The simulated transport of oxygen dissolved in river water to
global oceans has been rather constant (0.4 Pg year™') during 1900~
2010 (Fig. 4A). Existing estimates of river oxygen export are rare but
consistent with ours. The global biogeochemical mass-balanced bud-
get model TOTEM estimated river oxygen export of 0.4 Pg year™ for
the year 2000 based on riverine carbon and nitrogen fluxes and their
fixed ratios to oxygen (69). Duursma and Boisson (70) estimated 0.3 Pg
year™" of river oxygen export in the 1980s based on the assumption
that world rivers had an average oxygen concentration of 8 mg/liter
and total water discharge to oceans of 3.7 x 10* km” year™ (71).

Implications for global oxygen budget

Although the inland-water surface area is only 0.2% of the ocean
area (72, 73), the present-day inland-water oxygen uptake of 0.95 Pg
year™ is estimated to be about half the quantity of net oxygen degas-
sing from the ocean to the atmosphere [1.74 Pg year™" in Huang et al.
(74); 1.6 Pg year_1 in Li et al. (75)] and 1.7-fold the 0.56 Pg year_1 of
oxygen uptake in the global coast zone (69), and could lower the
unaccounted global oxygen sink from 2.69 (74) to 1.74 Pg year . It
is important to highlight that this inland-water oxygen uptake from
the atmosphere is not included in existing global oxygen budgets
(69, 74) and that river oxygen export to oceans is often exclud-
ed (74, 75).

While inland waters play an important role in the present-day
global oxygen budget, our model shows that inland-water oxygen cy-
cling has markedly changed during 1900-2010 under increasing an-
thropogenic impacts. Compared with the “nearly natural” inland-water
oxygen cycling in the 1900s, inland-water oxygen production, con-
sumption, and uptake from the atmosphere have largely increased but
at different rates (Fig. 4). The 110-year increases in inland-water oxy-
gen flows are of the same or larger magnitudes of the “nearly natural”
inland-water oxygen flows in the 1900s. The changed inland-water
oxygen cycle—which closely interacts with the atmosphere, land, and
ocean—is an indication of the alteration of the entire global oxygen
cycle in the Anthropocene. For example, the increasing inland-water
oxygen uptake from the atmosphere under anthropogenic stresses is
consistent with the increasing terrestrial oxygen uptake from the at-
mosphere, which is also human driven (74). These increasing oxygen
sinks in terrestrial and inland-water systems, in turn, correspond to
the oxygen declines in the atmosphere (76) and the ocean (77) since
the 20th century. Including the temporal changes driven by anthropo-
genic perturbations and distinguishing between “nearly natural” and
“present-day” global oxygen budget are therefore critical because the
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oxygen cycle is interconnected with ecosystem metabolism and the
evolution of the Earth system (1, 78), and a robust assessment of its
temporal trajectory profoundly influences the understanding of the
Earth’s habitability in the past and the projected future.

Using simulations of the process-based IMAGE-DGNM model,
this study shows that inland waters are a large, growing, and spa-
tially concentrated sink for atmospheric oxygen. Global inland-
water oxygen consumption may continue to increase in the coming
future, considering the projected warming (38), perturbations to
hydrology (79), and nutrient loading from present-day and histori-
cal practices (80). Not only oxygen budget and inventory estimates,
but also policies aiming at addressing the long-term aggravation of
inland-water ecosystem health, need to take into account inland-
water oxygen cycling flows, their spatial and temporal variabilities,
and underlying drivers. These inland-water oxygen cycling changes
would cause cascading impacts on the interconnected cycling of car-
bon and nutrients (3-6, 81), expansion and intensification of inland-
water hypoxia (82, 83), and increases in greenhouse-gas emissions
(44, 84, 85) that contribute to climate change. To halt or reverse this
trend, policy implementation to mitigate warming as well as envi-
ronmental and agricultural management to reduce nutrient loading
are urgent, particularly in the hotspots of inland-water oxygen sink
with much higher oxygen consumption than production.

Notably, this study only focuses on the long-term changes over
the 110-year period, while the short-term (seasonal, monthly, or dai-
ly) dynamics may also contribute to the variability of oxygen cycling.
It is possible that temperature or other factors are predominant driv-
ers of seasonal and daily oxygen cycle changes, such as vertical strat-
ification (44, 86). These subannual changes, however, are beyond the
focus of this study. Including short-timescale inland-water oxygen
dynamics in future modeling efforts will further enhance our under-
standing of global oxygen cycling under extreme events (e.g., floods,
droughts, and heatwaves) (87-89) and better predict seasonal eco-
system impacts of deep-water hypoxia (40, 44, 90).

MATERIALS AND METHODS

The model used: IMAGE-DGNM

We used the IMAGE-DGNM model to quantify the evolving inland-
water oxygen biogeochemical cycling on the global scale. The IMAGE-
DGNM is a spatially explicit, process-based, mass-balanced model
that couples various natural and anthropogenic sources and pro-
cesses on land and soils [[IMAGE (91)], hydrological balance and
processes across river network [PCRaster Global Water Balance
(PCR-GLOBWB); (92, 93)], and dynamic biogeochemical processes
in inland waters [Dynamic In-Stream Chemistry module (DISC);
(49)]. IMAGE-DGNM (34, 49-52, 94) explicitly simulates the dy-
namic inland-water biogeochemical cycling of nitrogen, phospho-
rus, silicon, carbon, and oxygen in inland-water systems driven by
changes in land cover, climate, population, agriculture, aquaculture,
wastewater discharge, atmospheric deposition, water use, and per-
turbance of hydrology such as damming rivers and construction of
reservoirs.

In IMAGE-DGNM, the IMAGE model (91) simulates long-term
grid-based land cover, climate, population, water use, and human
activities, and the hydrology model PCR-GLOBWB simulates the
long-term grid-based runoff, discharge, water area, and volume in
different waterbodies (including streams, lakes, and reservoirs) for
each year (92, 93), with the calculation of stream orders in each grid
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for each year based on the method of Wollheim et al. (95). Data of
lake characteristics are from the Global Lakes and Wetlands Data-
base (96), and data of reservoir characteristics are from the Glob-
al Reservoir and Dam database (35) and dynamically introduced
based on their reported construction year. IMAGE-DGNM uses the
coupling of IMAGE and PCR-GLOBWSB to calculate the long-term,
grid-based nutrient, oxygen, carbon, and sediment delivery fluxes
per year and to couple the process-based DISC module for simulat-
ing the long-term, grid-based, mass-balanced dynamic biogeochem-
istry of nitrogen, phosphorus, silicon, carbon, and oxygen in inland
waters for each year (34, 49-52, 94) (Fig. 1 and fig. S1). All data
used and model components have a consistent 0.5 X 0.5° spatial
resolution.

The inland-water dynamics of oxygen, organic matter, different
nutrient forms, and sediments is depicted in a coupled, mass-
balanced, and internally consistent manner in the mechanistic DISC
module of IMAGE-DGNM (49, 50, 94). In this study, organic mat-
ter is expressed in organic nitrogen (ON), nutrients forms include
ammonium (NH,"), nitrate + nitrite (NO,~ = NO,~ + NO3 "), and
ON, and sediments include those suspended in the water column
(total suspended solids in the water column, TSS) and those settled
in the benthic layer (total benthic sediments in the uncompacted
layer, TBS).

For each waterbody type (stream, river, lake, or reservoir) within
a 0.5° % 0.5° grid cell, changes in the amount of inland-water oxygen
per 1-year time step depend on oxygen input to the waterbody (from
headwaters within the grid, upstream grids, and atmospheric depo-
sition input from rainfall; text S1), hydrological oxygen transport
flux from the waterbody to the downstream, inland-water oxygen
production and consumption, and oxygen exchange at the water-
atmosphere interface. Inland-water oxygen production is from pho-
tosynthesis of pelagic and benthic primary producers. Inland-water
oxygen consumption includes respiration of pelagic and benthic pri-
mary producers, aerobic mineralization in the water column and
sediments, and nitrification in the water column and sediments. De-
tailed methodology and equations can be found in text S1.

The dynamic reaction rates of each inland-water process are sub-
ject to change depending on the contemporaneous environmental
conditions (such as temperature, hydrology, loading, and concen-
trations of different nutrient forms and oxygen, organic matter ac-
cumulation, sediment dynamics, and coupled interactions; see text
S1) specific to that time, location, and waterbody. In this study, the
model output time step is 1 year, while biogeochemical processes are
solved implicitly using an adaptive time step (<0.5 year). The full
IMAGE-DGNM model description including the solving method-
ology and equations for inland-water oxygen biogeochemical pro-
cesses can be found in (49, 50, 94).

All model parameters and model inputs are from previous stud-
ies (49, 50, 56, 80, 94, 97). Note that IMAGE-DGNM analysis of
performance, including exhaustive validation analyses against glob-
al measurements (of hydrology, nutrients, carbon, dissolved oxygen,
sediment, and trace gas) at different spatial and temporal scales and
model sensitivity analyses, was previously performed (22, 34, 49-
52, 80, 94, 97-102).

Oxygen cycling in factor-controlled scenarios

In this study, we assessed the relative importance of warming,
growth in external nutrient loading, and prolonged water residence
time (due to changes in inland-water volume, area and discharge)

Wang et al., Sci. Adv. 11, eadr1695 (2025) 4 April 2025

since the 1900s individually and synergistically, and their conse-
quences for the simulated present-day inland-water oxygen cycling.
In contrast to the base scenario (which incorporates the compounded
historical changes in climate, hydrology and anthropogenic nutrient
loading during 1900-2010), under each of the controlled scenarios,
one driver among temperature, external nutrient loading, and hy-
drology was assumed to be unchanged since the 1900s to simulate
the changes in inland-water oxygen cycling during 1900-2010.
Therefore, with the same initial state before intensifying human
perturbations in the 1900s, the inland-water oxygen cycling would
evolve differently because of the absence of the change in the single
driver. The differences between the simulated present-day inland-
water oxygen cycling flows under the base scenario and under the
scenario controlled with unchanged temperature/external nutrient
loading/hydrology (water volume, area, discharge, and resulting
residence time) since the 1900s were used to explore the influences
of historical warming, growth in external nutrient loading, and pro-
longed water residence time related to hydrology changes individu-
ally. In addition, to evaluate the compounding effect, the three
drivers (temperature, external nutrient loading, and hydrology)
were kept unchanged since the 1900s as a fourth scenario to simu-
late the changes in inland-water oxygen cycling during 1900-2010
and to examine the synergistic effect of the historical changes in
these three drivers.

It is important to recognize that the conclusion about the relative
importance of different drivers may be specific to the annual and
longer timescales. It is possible that temperature or other factors are
predominant drivers of seasonal and daily oxygen cycle changes,
such as stratification (44, 86). This subannual change is beyond the
focus of this study on the drivers of the 110-year long-term oxygen
cycling change in the Anthropocene.

Data for validation: Site-to-site, year-by-year, major river
basins, and long-term trends

We collected long-term site-level observational data of dissolved oxy-
gen concentration, chlorophyll-a concentration, and water discharge
for a range of major river basins worldwide since the 1920s from lit-
erature and databases (table S2) including United States Geological
Survey (103), Water Quality Portal (104), Department of Water and
Sanitation, South Africa (105), Global River Chemistry Database
(106), and Global Freshwater Quality Database (107) to validate our
coupled oxygen biogeochemistry model. These sites and river basins
cover different continents and different climate zones and represent a
range in hydrology and human activity (e.g., economic development
levels, population, land use, and dam construction). For dissolved
oxygen concentration, chlorophyll-a concentration, and water dis-
charge, we performed comparisons of simulations and observations
site-to-site year-by-year, examined their long-term trends, and calcu-
lated multiple statistical metrics—including mean-normalized root
mean squared error (NRMSE), percent bias (Pbias in %), and coeffi-
cient of determination (R*)—to further evaluate the model perfor-
mance (text S2 and figs. S2 and S3).

The validation results showcase the agreement of the simulated
oxygen concentrations, chlorophyll-a concentrations, and hydro-
logical flows with observations site-to-site, year-by-year for a range
of major river basins worldwide since the 1920s (figs. S2 and S3, and
table S2). Their long-term trends are well represented, generally with
NRMSE below 1, Pbias below 100 (%), and R exceeding 0.5 (figs. S2
and S3). The discrepancy between simulations and observations may
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be partly due to differences in their temporal and spatial representa-
tivity. While simulations on the annual basis may miss the short-
term variations within the year, the annual means of observational
data may be limited in representing the annual average due to poten-
tially incomplete temporal coverage and/or uneven distribution of
observations within each compared year, although we used observa-
tional data for years with at least 4 months of observations to reduce
related influences. The coarse resolution (0.5° X 0.5°) of the model
simulations may not fully capture the internal spatial heterogeneity
within the grid cell, while the available site-level observations may
not accurately reflect the average condition of the entire grid cell.

We further validated the model by comparing our simulated and
the observation-based estimates of inland-water net oxygen produc-
tion (i.e., net ecosystem production represented in oxygen, which is
the difference between inland-water oxygen production and con-
sumption) for the present-day period at both the site level (fig. S4)
and on the global scale (table S3). Validations for the model’s cou-
pled nutrient dynamics (including that of oxygen) and hydrology
were extensively performed in previous publications, with a sum-
mary in table S1.

Sensitivity and uncertainty analyses

To enhance understanding of the uncertainties in our modeling of
global inland-water oxygen cycling, we evaluated the sensitivity of the
simulated fluxes of oxygen production, consumption, net production,
exchange with the atmosphere, and export to the ocean to the varia-
tions in 9 environmental forcings, 7 terrestrial inputs (of oxygen, vari-
ous nutrient forms, and TSS), and 64 model parameters. This analysis
examines how the variations in these 80 model inputs, constraints,
and parameters collectively drive changes in inland-water oxygen cy-
cling. The Latin hypercube sampling approach was used to generate
800 random sets of parameters within the high-dimensional parame-
ter space (via USATOOL) (108). Accordingly, we conducted 800 model
simulations using these generated sets of inputs and parameters. We
then quantified the sensitivity of simulated oxygen process fluxes to
the variations in parameters using the standardized regression coeffi-
cient [SRC; see the detailed SRC methodology description in our pub-
lications (49, 52, 97)]. Ultimately, eight inputs and parameters were
identified as having a significant and important influence (SRC > 0.2
or SRC < —0.2, corresponding to an influence exceeding 4%) on at
least one of the simulated oxygen process fluxes in global inland wa-
ters (table S4A and details in text S3).

The SD in percentage was used to quantify the relative uncer-
tainty ranges of the simulated oxygen process fluxes induced by the
assumed variation ranges of all model inputs, constraints, and pa-
rameters (table S4B and details in text S3). Results show that the
calculated relative uncertainty ranges vary among the fluxes of dif-
ferent oxygen processes (table S4B). The relative uncertainty ranges
of inland-water oxygen exchange with the atmosphere, consump-
tion, net oxygen production, and export to the ocean are smaller
than that of inland-water oxygen production. Inland-water oxygen
cycling processes tend to vary similarly or less than the imposed
variations in inputs and model parameters.

Supplementary Materials
This PDF file includes:
Supplementary Texts S1 to S3

Tables S1 to S4

Figs.S1to S9
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