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ARTICLE INFO ABSTRACT

Keyword: Understanding and managing the susceptibility of lakes to anthropogenic eutrophication has been a primary goal
Shallow lake of limnological research for decades. To achieve United Nations’ Sustainable Development Goals, scientists have
Eutrophication attempted to understand why shallow lakes appear to be prone to eutrophication and resistant to restoration. A
]S)is;talinablhty rich data base of 1151 lakes (each > 0.5 km?) located within the Europe and the United States of America offers a
Trophic state rare opportunity to explore potential answers. Analysis of sites showed that lake depth integrated socio-
Management ecological systems and reflected potential susceptibility to anthropogenic stressors, as well as lake productiv-

ity. In this study, lakes distributed in agricultural plain and densely populated lowland areas were generally
shallow and subjected to intense human activities with high external nutrient inputs. In contrast, deep lakes
frequently occurred in upland regions, dominated by natural landscapes with little anthropogenic nutrient input.
Lake depth appeared to not only reflect external nutrient load to the lake, but also acted as an amplifier that
increased shallow lake susceptibility to anthropogenic disturbance. Our findings suggest that shallow lakes are
more susceptible to human forcing and their eutrophication may be not an occasional occurrence, and that

societal expectations, policy goals, and management plans should reflect this observation.

1. Introduction

Despite covering < 1% of land area, lakes are key ecosystems that are
disproportionately important to life on the continents (Dudgeon et al.,
2006). From millions of years ago, lakes have provided essential and
valuable ecosystem services in support of human existence and devel-
opment, including water supplies (drinking, industry, irrigation), flood
mitigation, fisheries, biodiversity, hydropower, transportation, recrea-
tion, and aesthetics (Ho and Goethals, 2019). However, human activities
present a formidable threat to freshwater ecosystems that can transform
aquatic ecosystems (Carpenter et al., 2011), in turn limiting the devel-
opment and health of society (Foley et al., 2005). Unprecedented ac-
celeration of industrialization, agriculture, urbanization, and population
growth during the 20 century has increased nutrient influx, elevated
primary production, degraded water quality, and reduced biodiversity
in approximately 40% of the total number of lakes worldwide (Ho et al.,
2019). Anthropogenic eutrophication has resulted in greatly increased
occurrence of harmful algal blooms that threats water security and the
delivery of ecosystem services (Ho et al., 2019). Unfortunately,
anthropogenic pressures and climate warming are expected to increase
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further, such that the global occurrence of lakes with harmful algal
blooms are expected to increase by over 20 percent by 2050 (UNESCO,
2014). Lakes are an important part of water resources (Goal #6) in the
United Nations’ Sustainable Development Goals (SDGs), while lake
eutrophication poses a great threat to achieve the SDGs (Woolway et al.,
2020). Therefore, there is a profound need to better understand the
susceptibility of lakes to eutrophication to safeguard these systems for a
sustainable future (Conley et al., 2009; Schindler, 1974; Paerl and
Huisman, 2008).

Anthropogenic eutrophication of lake ecosystems is a widely
acknowledged, but largely unresolved, global environmental problem
that makes lake sustainability difficult to achieve (Ho et al., 2019).
Management of lake eutrophication and harmful algae blooms remains
unsuccessful in many regions (Birk et al., 2020), especially for large
shallow lakes in North America (Okeechobee, Winnipeg, Erie, Cham-
plain), Europe (Lough Neagh, Peipsi, Malaren), and China (Taihu,
Chaohu, Dianchi) (Bunting et al., 2016; Conley et al., 2009; Qin et al.,
2019; Watson et al., 2016). It is well recognized that the prevalence of
eutrophication varies with respect to watershed geology, climate, land
use, landscape position, connectivity, and lake morphology, each of
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Fig. 1. The distribution of 1151 study lakes across the United States of America (a) and the Europe (b). According to U.S. EPA (Herlihy et al., 2008) and De
Blij (1978), lakes are overlaid onto a background map detailing the three main ecoregions (plains and lowlands, mountains, and highlands). Lakes are categorized
into four major trophic states: oligotrophic (Chl a < 2 pg L), mesotrophic (2 pg L} < Chla < 7 ug L)), eutrophic (7 ug L ™! < Chl a < 30 pg L™Y), and hypereutrophic
(Chl a > 30 pg LY. The size classification of the circle indicates the maximum depth of the lakes.

which varies with lake district or ecoregion (Dolman et al., 2016; Heino
et al., 2021). Hutchinson (1967) noted the difference of lake trophic
state between upland and lowland. However, relatively little is known of
how these factors interact, particularly at continental scales (Birk et al.,
2020). In general, human activities increase with decreasing altitude,
with plain and lowland areas being subject to intense agricultural ac-
tivities, urban development, and population aggregation (Solheim et al.,
2019). As the morphological characteristics of basins are largely deter-
mined by underlying geology and land forms, lakes in the plains and
lowlands are often shallow (Scheffer and van Nes, 2007). As a result, it
may be difficult to isolate the unique effects of basin morphology and
human activities on lake trophic state and water quality in some lake
regions (Hutchinson, 1967; Taranu and Gregory-Eaves, 2008). Further,
many studies to date have focused on single lakes rather than landscape
patterns of inland waters across continental scales (Moorhouse et al.,
2018). Instead, a holistic understanding of lake eutrophication and
improved lake management strategies requires freshwaters to be
considered as part of an integrated socio-ecological system (Dearing
et al., 2015; Schindler, 2006).

In this study, we analyzed 1151 lakes (Fig. 1) with area > 0.5 km?
located within the Europe (EU) and the United States of America (US) to
identify how lake morphology and regional social-ecological systems
interact to affect the susceptibility of lakes to anthropogenic eutrophi-
cation. Based on regional studies (Birk et al., 2020; Ho et al., 2019), we
predicted that trophic state would be greatest in shallow lakes due to
elevated rates of external and internal nutrient loading, particularly in
areas with intensive human activities. Our goal was to develop a syn-
thetic understanding of causes and correlates of lake eutrophication,
with particular emphasis on evaluation of how physical features interact
with social activities as controls of the eutrophication of lakes.

2. Materials and methods
2.1. Lake data

National lake surveys (NLA) of US were conducted during May to
September in 2007 and 2012 by the Environmental Protection Agency of
US (EPA) to provide an unbiased assessment of lake quality. Similarly,
the EU Multi Lake Survey (EMLS) was conducted in the summer of 2015
across 27 countries to obtain a deeper insight into the dynamics of
cyanobacteria across Europe (Mantzouki et al., 2018). In the current

study, very small lakes (area < 0.5 km?) were excluded from this anal-
ysis because small lakes are in generally shallow with small and diverse
watersheds and wide distribution that could mask the causal mecha-
nisms regulating these ecosystems. Accordingly, 215, 689, and 407 lakes
were extracted in the EMLS, NLA 2007, and NLA 2012, respectively. The
162 US lakes surveyed in both 2007 and 2012 were used to quantify
sub-decadal changes in lake trophic state and land use. Overall, 1151
lakes with area > 0.5 km? were selected for the current study (Fig. 1).

2.2. Lake features

Survey parameters included lake morphometry (area, maximum
depth), transparency (Secchi depth), nutrients (total nitrogen, TN; total
phosphorus, TP; Ammonia), and algal abundance (as Chlorophyll a, Chl
a), and cyanobacterial toxins (microcystins). The physical, chemical and
biological variables of lakes were collected and analyzed in a fully
standardized manner (detailed in Mantzouki et al. (2018) and
https://www.epa.gov/national-aquatic-resource-surveys/man
uals-used-national-aquatic-resource-surveys#National%20Lakes%20A
ssessment). Survey lakes included a wide range in area, depth, elevation,
and trophic state (Table S1). Of these, 217 (18.9%) lakes were oligo-
trophic (Chl a < 2 ug L), 360 (31.3%) were mesotrophic (2 ug L™ < Chl
a<7pgL™), and 306 (26.6%) were eutrophic (7 ug L™ < Chla < 30 ug
L), with a further 268 (23.3%) classified as hypereutrophic (Chl a > 30
ug L)) (Table S2).

2.3. Ecoregions

US and EU lakes were grouped into three main ecoregions (plains
and lowlands, highlands, and mountains) as defined by US EPA (Herlihy
et al., 2008) and De Blij (1978), respectively. In this database, 240 lakes
(20.9%) are located in the highlands, 308 (26.8%) lakes are located in
the mountains, and 603 lakes (52.3%) are located in the plains and
lowlands (Table S2).

2.4. Land use and land cover

The NLA data set of 2007 and 2012 included land use and land cover
data for each lake watershed, derived from the 2001 and 2006 National
Land Cover Database (NLCD) (Fry et al., 2011; Homer et al., 2007),
respectively. According to the methods of NLCD, Landsat images with a
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Fig. 2. The distribution (a) and cumulative proportions (b) of maximum lake depth in the three main ecoregions (plains and lowlands, highlands, and
mountains). Red dots in the a indicate the mean of maximum lake depth. Statistical differences between ecoregions are shown on the basis of Mann-Whitney U test

(*** P < 0.001).

spatial resolution of 30 m were obtained from the United States
Geological Survey and were used to obtain lake area and land use data of
each lake in the EMLS in the summer of 2015. The area and percentage
of land use for each lake watershed was characterized for eight types,
including developed, agriculture (planted/cultivated), water, barren,
forest, shrubland, herbaceous, and wetlands. In the present study, land
use is further divided into human land (developed, agriculture) and
natural land (water, barren, forest, shrubland, herbaceous, wetlands).

2.5. Trophic state index

Key indicators of water quality are the concentrations of Chl a and
nutrients (in particular TP and TN), as well as water transparency
(Secchi depth). Accordingly, trophic state index (TSI) of Carlson (1977)
can be calculated using each measure. In this paper, we calculated a
mean value from all three TSI (Chl a, TP, and Secchi) and used that as
our metric of trophic state at each lake. The TSI were calculated by

R InSecchi
TSI (Secch1)710<6— - > ¢))
In#
TSI (TP) = 10| 6 — —1° 2
SI(TP) = 10[ 6 -8 @
2.04 — 0.68InChl
TSI (Chl @) = 10 (6 - %) 3)

where Secchi is the depth of Secchi disk transparency (m), TP and Chl a
are the concentrations of total phosphorus (ug L™!) and Chlorophyll a (ug
L.

2.6. Statistical analysis

The decision tree-heatmaps is a new type of integrated visualization
of decision trees and heatmaps, which provides a comprehensive data
overview as well as model interpretation. This integration uncovers
meaningful patterns among the predictive features and highlights the
important elements of decision trees including feature splits and several
leaf node characteristics such as prediction value, impurity and number
of leaf samples. In this study, decision-tree heatmaps were used to pre-
dict the threshold of different trophic states based on the interactions

between ecoregion features, land use, and maximum lake depth using
the package ‘treeheatr’ in R 4.0.4 (Le and Moore, 2021).

The relative (% cover) of each of eight land cover types was esti-
mated for each lake and their distribution with lake depth was estimated
using generalized additive model in the ‘mgcv’ package. Statistical dif-
ferences of lake depth among ecoregions were examined with Mann-
Whitney U test, because the distributions of lake depth were not nor-
mally distributed. Correlations among water depth, trophic state,
nutrient input, and land use variables were explored with Spearman’s
correlation coefficient using the package ‘stats’. Pearson’s Chi-Square
test was used to evaluate correlations among lake depth, ecoregion,
land use, and trophic state, and Cramer’s V coefficients were calculated
to evaluate the magnitude of the correlation. All analyses performed in R
4.0.4 (R Core Team, 2021). The level of significance used for all tests was
P < 0.05.

2.7. Data availability

The underlying data used for the analysis are openly accessible on-
line. Specifically, the NLA data set is available at https://www.epa.gov/
national-aquatic-resource-surveys/nla, and the data set of EU Multi Lake
Survey is available at https://portal.edirepository.org/nis/mapbrowse?
packageid=edi.176.5.

3. Results
3.1. Distribution of lake depth among ecoregions

Maximum lake depth ranged from 0.5 m to 350 m, with significant
variation among ecoregions (Fig. 2). In general, lakes were significantly
shallower in the plains and lowlands (8.8 + 8.8 m) compared to the
highlands (20.8 + 33.4 m) and mountains (22.6 + 35.1 m) (Fig. 2a, P <
0.001). Lakes located in the plain and lowland areas were generally
shallow, while deep lakes were frequently distributed in the mountain
and highland regions (Fig. 2b).

3.2. Relationships among lake depth, land use, and trophic state

Watersheds of shallow lakes were composed mainly of human-
influenced land use types, while watersheds of deep lakes were
frequently dominated by natural land use (Fig. 3a). In this analysis, the
percentage of developed, agriculture, water, herbaceous, and wetlands
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trophic state index. Lake depth was log;-transformed prior to analysis. d, the distributions of maximum lake depth in four lake trophic categories. Red dotted lines

indicate the mean of maximum lake depth.

exhibited a significant decreasing trend with increasing maximum lake
depth, while the opposite was observed for barren, forest, and shrubland
covers (Fig. 3a and b, P < 0.05). Human land use was correlated nega-
tively with lake depth (Spearman’s r = —-0.21, P < 0.001), while it was
opposite for natural land use (Spearman’s r = 0.2, P < 0.001, Fig. S1). In
particular, forest (34.5% + 28.5%) and agriculture (21.5% + 23.7%)
were the two predominant land types, both of which were correlated
strongly to lake depth (Fig. 3b, P < 0.001). Lake productivity and
microcystins showed a consistent negative correlation with the per-
centage of natural land use, yet were correlated positively with human
land (Fig. 3b, P < 0.05).

Eutrophic conditions were mainly concentrated in shallow lakes
(Fig. 3c and d). According to the TP, Chl a, and Secchi depth indices, the
trophic state index of lakes showed a significant decreasing trend with
increasing depth (Fig. 3c, Spearman’s r = —0.584, P < 0.001). Further-
more, based on the lake trophic categories, lake depth varied widely in
both the oligotrophic and mesotrophic lake categories, whereas eutro-
phic and hypereutrophic lakes were frequently confined to shallow
water depths (Fig. 3d).

3.3. Variations of land use and trophic state with lake depth from 2007 to
2012

Based on the 162 lakes surveyed in both NLA 2007 and NLA 2012,
the variations in land use and trophic state between 2007 and 2012
mainly distributed in shallow lakes, while there were few marked var-
iations in deep lakes (Fig. 4). From 2007 to 2012, the average percentage
of natural land decreased 0.06% + 2.5% overall, whereas human-
influenced land use increased 0.05% =+ 2.5%. These variations mainly
occurred in shallow lake catchments, while deep basins were relatively
unchanged (Fig. 4a). Moreover, from 2007 to 2012, the values of TN, TP,
Secchi, and Chl a increased 0.07 + 0.56 mg L%, 0.008 + 0.21 mg L
0.09 + 1.37 m, and 0.55 + 24.7 ug L}, respectively (Table $3). Similar
to land use, the variations of TN, TP, and Chl a generally occurred in
shallow lakes, but deep lakes remain stable (Fig. 4b). Overall, lakes in
the plain and lowland areas exhibited intensified eutrophication (as Chl
a), whereas water quality mainly improved in highland and mountain
ecoregions (Table S3).
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3.4. Relationships among lake depth, ecoregion, land use, and trophic
state

Decision-tree heatmap analysis demonstrated that water depth was
closely related to ecoregion and land use, likely reflecting an intrinsic
relationship between water depth and lake productivity (Fig. 5a). For
example, lakes were eutrophic or hypereutrophic if their maximum
depth was < 13.8 m unless located in natural landscape of highland and
mountain ecoregions (Fig. 5a). In contrast, oligotrophic or mesotrophic
lakes were routinely deeper than 13.8 m, especially > 34.1 m, irre-
spective of ecoregion or land use within the lake catchment (Fig. 5a).
Correlation analysis revealed a significant association among lake
depth, ecoregion, land use, and trophic state (Table 1, ;(2 test, P <
0.001).

80.6% lakes in the plains and lowlands were < 13.8 m, while deeper
lakes were more common in the highland (41.2%) and mountain
(50.7%) regions (Fig 5b). Similarly, 83.3% lakes in human-dominated
watersheds were < 13.8 m, while lake depth varied widely in nature-
dominated landscapes (Fig 5b). As well, 63.2% of the lakes < 13.8 m
were eutrophic or hypereutrophic, whereas only 19.8% of lakes > 13.8
m depth were highly productive (Fig 5b). Furthermore, 44.6% of < 13.8
m lakes located in the mountain and highland areas and dominated by
natural land were eutrophic and hypereutrophic compared to only
10.5% in lakes > 13.8 m deep (Fig 5b). However, 33.3% of > 13.8 m
lakes in the plains and lowland regions and human-dominant land were
eutrophic compared to 82.8% of shallow lakes (< 13.8 m, Fig 5b).
Accordingly, although human land use in watersheds influences all
lakes, lake depth can act as a ‘filter’ that modifies lake response to
disturbance, with greater influence of land use on water quality in
shallow lakes.

4. Discussion

A better understanding of the dynamic relationships between lake
depth, social, and environmental phenomena is necessary to improve
lake management strategies (Dearing et al., 2015). Randomized, un-
equal probability surveys conducted by the US EPA and EMLS provide
unbiased estimates of lake eutrophication and allows us to infer the

causal relationships between lake trophic state and environmental
conditions needed to advance the restoration and protection of lakes
(Stoddard et al., 2016). Our analysis suggests that lake depth is linked to
the ecoregion and land use of lake ecosystems, which largely determines
the intensity of human activities and, consequently, lake productivity.
This information may help clarify why shallow lakes are prone to
eutrophication and improve lake management strategies for a sustain-
able future.

The ecoregional characteristics of lake watersheds provide an
important basis predicting the trophic state of lakes, largely reflecting
the underlying climatic, soil, topographical, and hydrological charac-
teristics (Tang et al., 2020). Generally, in plain and lowland areas, the
terrain is flat and soil is naturally fertile, with a well-developed drainage
system that is consequently subject to agricultural activities and urban
development (Heino et al., 2021; Read et al., 2015; Solheim et al., 2019).
Since the start of the 20™ century, the global expansion of agricultural
activities and urbanization associated with widespread socio-economic
development is occurring in plain and lowland ecoregions, resulting in
marked changes in land cover and enhanced anthropogenic nutrient
inputs (Beaver et al., 2014). In contrast, steep slopes and poor soil
development in upland regions usually make lake watersheds unsuitable
for agriculture and urban development (Aranguren-Riano et al., 2018).
Indeed, agricultural land use of lakes is dominant in the plains and
lowlands (30.4 + 25.3%) but not upland regions (highlands 14.7 +
16.4%, mountains 9.3 & 17.5%), while forests are the main land cover at
higher elevations (highlands 59.3 + 20.9%, mountains 41.4 + 28.2%)
than occur in plains and lowlands (21.2 + 23.0%, Fig S2). Moreover,
compared to the lakes situated in upland regions, the water temperature
of lakes is generally higher in plain and lowland regions, which could
provide a favorable environment for cyanobacteria (Paerl and Huisman,
2008).

Agriculture is one of the most important drivers of lake eutrophica-
tion at a global scale (Nielsen et al., 2012), contributing 84% of the P
discharged into US surface waters (Carpenter et al., 1998). However,
watersheds dominated by forest and natural vegetation generally export
lower amounts of allochthonous material to surface waters (Nobre et al.,
2020). Consistent with these patterns, in this study, 67.0% of lakes in
plains and lowlands were eutrophic, while only 27.6% of lakes in the
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Fig. 5. The relationships among lake depth, ecoregion, land use, and trophic state. a, a decision tree-heatmap for predicting the threshold of different trophic
lakes based on the three ecoregions (plains and lowlands [PLNLOW], highlands, and mountains), land use (nature- and human-dominated land), trophic state
(oligotrophic, mesotrophic, eutrophic, and hypereutrophic), and maximum lake depth. The tree and heatmap give us an approximation of the proportion of samples
per leaf and the model’s confidence in its classification of samples in each leaf. The colors present the categories of land use, ecoregions, and trophic state, and the
color bar present the relative value of maximum lake depth. b, the synchronous distribution of shallow (< 13.8 m) and deep (> 13.8 m) lakes in the differential

ecoregions, land use categories, and trophic states.

upland areas were eutrophic (Table S2). As a result of limited land
suitable for future agricultural expansion, yet a growing human popu-
lation, fertilization and disturbance of plain and lowland regions is likely
to intensify on a global basis (Tilman, 1999; Laurance et al., 2014). For
example, according to NLCD, 1.77% of land cover was mapped as
changed from 2006 to 2011 of the continental United States, which
mainly occurred in the plains and lowlands of southeastern United States

(Homer et al., 2015). The largest net losses occurred in the forest classes
(-31,038 kmz), while the land use of developed classes and cultivated
crop increased 7,631 km? and 696 km? respectively (Homer et al.,
2015). Indeed, according to the NLA 2012, the proportion of lakes in the
most disturbed condition for TP were mainly (80%) located in the
Northern Plains as compared to the Western Mountains (17%), while the
Southern Plains exhibited the highest proportion of disturbed condition
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Table 1

Summary of Pearson’s Chi-square test and Cramer’s V coefficient among
depth, ecoregion, land use, and trophic state of lake ecosystems. n = 1151
lakes. The values indicate the correlation coefficient (Cramer’s V), which reveal
a significant association among lake depth, ecoregion, land use, and trophic
state. Statistical significance is indicated by *** P < 0.001.

Depth Ecoregion Land use Trophic state
Depth 1 0.297%*%* 0.251%** 0.460***
Ecoregion 1 0.447%%* 0.309%**
Land use 1 0.233%%*
Trophic state 1

(41.6%) based on Chl a analysis, in sharp contrast to the low proportion
disturbed (only 0.7%) in the Western Mountain ecoregion (USEPA,
2016). Together, these patterns suggest that lakes in the plain and
lowland areas are both generally shallow and more susceptible to human
activities, whereas deep lakes are distributed mainly in mountain and
highland regions with little anthropogenic nutrient input.

Although external nutrient inputs are the main determinants of lake
eutrophication, effects of allochthonous nutrients will also be modified
by in-lake biogeochemical processes such as sedimentation, export, and
sedimentary exchange—all factors which vary strongly with water
depth (Qin et al., 2020). The susceptibility of lakes to anthropogenic
eutrophication and water quality degradation may be more pronounced

natural land (e.qg. forest)

shallow lake

—epilimnione

metalimnion e - -

hypolimnion
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in shallow lakes (Richardson et al., 2018). Eutrophic shallow lakes
generally have high catchment area to lake area (or volume) ratios and
short water residence times, which are particularly sensitive to anthro-
pogenic forcing (Tammelin and Kauppila, 2018). Further, in shallow
lakes, strong water-sediment interactions are more common and sedi-
ment is more prone to resuspension (Fig. S3), leading to elevated in-
ternal nutrient loading and higher productivity (Havens and James,
2005). In contrast, deep lakes have a greater ability to dilute nutrients
exported from watersheds (Fig. S4) and may exhibit a slower response to
eutrophication and other pollutants (Liu et al., 2010). Deep lakes also
lose a greater proportion of nutrients through sedimentation due to
generally longer water residence times and lower turbulence at depth
(Brooks et al., 2014; Vollenweider, 1975). Not surprisingly, the ratio of
epilimnetic sediment-to-lake volume ratio is a parameter that predicts
the retention and cycling of internal nutrients and generally decreases
with increasing depth (Qin et al., 2020; Read et al., 2015). In the present
study, the threshold of lake depth occurred at 13.8 m based on the in-
teractions between ecoregion features, land use, and trophic state
(Fig. 5a). In addition, according to our analysis, although watershed
land use influences all lakes, lake depth can act as a ‘filter’ that modifies
lake response to disturbance (Fig. 5b), with greater influence of land use
on water quality in shallow lakes (Blenckner, 2005; Leavitt et al., 2009;
Tammelin and Kauppila, 2018; Taranu and Gregory-Eaves, 2008).
Therefore, many shallow lakes have shifted between stable states from

weak human disturbance

=
@
=
=
)
E
=
S
5
=1

deep lake

Fig. 6. Lake depth relates the effects of external nutrient input and in-lake biogeochemical processes to regulate the productivity of lake ecosystems.
Generally, shallow lakes lie in naturally fertile plain and lowland regions, where they are exposed to strong anthropogenic disturbances (agriculture and urban
development) and are predisposed to receiving large quantities of nutrients due to extensive drainage networks. In contrast, deep lakes are frequently concentrated in
poor upland regions (mountains and highlands) with mainly natural land cover (e.g., forest and shrubland), low degrees of human disturbance, and limited nutrient
input. Compared to deep lakes, shallow basins often have a small volume and weak capacity to dilute input nutrients resulting in high sensitivity to anthropogenic
forcing. In addition, strong water-sediment interactions are more common and sediment is more prone to resuspension in shallow lakes, leading to elevated internal
nutrient loading and higher productivity. Collectively, shallow lakes in agricultural or populated regions may be particularly susceptible to eutrophication and their

eutrophication may be not an occasional occurrence.
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clear state (macrophyte dominant) to turbid state (phytoplankton
dominant) as a result of anthropogenic or natural drivers (Janssen et al.,
2021). The alternative stable states in shallow lakes may further pro-
mote the nutrients release from macrophyte and sediment to increase
the trophic state, affecting key supporting, provisioning, regulating, and
cultural ecosystem services supplied by lakes (Scheffer and van Nes,
2007).

Our analyses suggest that lake depth correlates the effects of socio-
economic development and natural landscape features to regulate the
susceptibility of lakes to anthropogenic stressors (Fig. 6). In the future,
increased agricultural production to meet demands for food and energy
will intensify both point and diffuse sources nutrients (Carpenter et al.,
2007; Tomer et al., 2013). Many shallow lakes already exhibit eutrophic
conditions, yet lie in watersheds where further eutrophication may be an
inevitable rather than an occasional occurrence. Consistent with this
hypothesis, eutrophication is extensively studied in many large
relatively-shallow lakes (e.g., Okeechobee, Winnipeg, and Erie) yet
continues to be the central factor reducing water quality despite inten-
sive management (Bunting et al., 2016; Michalak et al., 2013; Zhang
et al., 2011). These lakes display many features typical of shallow
freshwater ecosystem, including lowland location, high agricultural
land use, and symptoms of recently-accelerated eutrophication (Havens
and James, 2005). Similar patterns are also seen for other lakes in the
basin of Rivers Havel and Spree (Germany) (Schonfelder and Steinberg,
2004) and the middle and lower reaches Yangtze River basin in China (e.
g., lakes Taihu and Chaohu) (Dearing et al., 2012). These lakes lie in
watersheds where rapid population growth and cultivation during the
past 70 years has favoured eutrophication (Schonfelder and Steinberg,
2004; Wang et al., 2014).

Unlike natural lake ontogeny which leads to slow gradual changes as
lakes infill, human activities have greatly accelerated water eutrophi-
cation by altering external and internal nutrient supplies (Carpenter
et al., 1998). We propose that lakes now exist as coupled
socio-ecological systems in which water depth integrates economic,
societal and ecological factors related to lake production (Heino et al.,
2021). In fact, the susceptibility of lake to anthropogenic eutrophica-
tion, and consequently the risk of water quality issues, is not the same for
all lakes. Our findings suggest that shallow lakes are more susceptible to
human forcing and are predisposed to receiving large quantities of nu-
trients. In addition, in shallow lakes, even though external nutrient in-
puts have been controlled, nutrients stored in the sediments can be
continuously released to support high phytoplankton populations (Qin
et al., 2020). Accordingly, special attention should be given to shallow
lakes that are at high risk of waters quality degradation (Borics et al.,
2013), yet may be more resistant to restoration compared to deep lakes
(Martin et al., 2011; Tammelin and Kauppila, 2018). These findings
could enhance our understanding of why the efforts in controlling lake
eutrophication have failed in a number of shallow lakes, but are often
effective in deep lakes (Schindler et al., 2016). This study convinces
stakeholders to continue to invest in nutrient reductions, despite slow
rates of recovery in eutrophic shallow lakes. Overall, societal expecta-
tions, policy goals, and management plans should reflect this
observation.

5. Conclusion

Lake eutrophication is a great international concern because of its
economic and ecological consequences. Our findings demonstrate that
lake depth correlates socio-ecological systems, as well as lake suscepti-
bility to potential anthropogenic stressors, and that shallow lakes exhibit
disproportionately degraded water quality and trophic state. Accord-
ingly, freshwater management will become increasingly necessary for
shallow lakes. This information may help clarify why shallow lakes are
prone to eutrophication and why some efforts to control eutrophication
have resulted in frustratingly slow or modest effects in shallow pro-
ductive lakes. This study helps set realistic goals and adjusts community
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expectations to advance the protection and restoration of lakes globally.
It may be a challenge that convincing stakeholders continue to invest in
nutrient reductions without evidence of rapid improvement, but it is
necessary for long-term water quality improvement. We hope that these
findings will increase understanding for limnologists, stakeholders, and
managers.

Contributions

J.Z. designed the research, conducted data analysis, created figures
and wrote the draft of the paper; P.L. contributed to research design,
data compilation, analysis and manuscript preparation; Y.Z. conducted
data analysis and created Fig. 1; B.Q. proposed the idea and helped
prepare the manuscript.

Declaration of Competing Interest
The authors declare no competing financial interest.
Data availability

Data will be made available on request.

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (42177058, 41621002, and 41790423).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.watres.2022.118728.

References

Aranguren-Riano, N.J., Shurin, J.B., Pedroza-Ramos, A., Munoz-Lopez, C.L., Lopez, R.,
Cely, O., 2018. Sources of nutrients behind recent eutrophication of Lago de Tota, a
high mountain Andean lake. Aquat. Sci. 80, 30.

Beaver, J.R., Manis, E.E., Loftin, K.A., Graham, J.L., Pollard, A.I., Mitchell, R.M., 2014.
Land use patterns, ecoregion, and microcystin relationships in US lakes and
reservoirs: a preliminary evaluation. Harmful Algae 36, 57-62.

Birk, S., Chapman, D., Carvalho, L., Spears, B.M., Andersen, H.E., Argillier, C., Auer, S.,
Baattrup-Pedersen, A., Banin, L., Beklioglu, M., Bondar-Kunze, E., Borja, A.,
Branco, P., Bucak, T., Buijse, A.D., Cardoso, A.C., Couture, R.M., Cremona, F., de
Zwart, D., Feld, C.K., Ferreira, M.T., Feuchtmayr, H., Gessner, M.O., Gieswein, A.,
Globevnik, L., Graeber, D., Graf, W., Gutierrez-Canovas, C., Hanganu, J., Iskin, U.,
Jarvinen, M., Jeppesen, E., Kotamaki, N., Kuijper, M., Lemm, J.U., Lu, S.L.,
Solheim, A.L., Mischke, U., Moe, S.J., Noges, P., Noges, T., Ormerod, S.J.,
Panagopoulos, Y., Phillips, G., Posthuma, L., Pouso, S., Prudhomme, C.,

Rankinen, K., Rasmussen, J.J., Richardson, J., Sagouis, A., Santos, J.M., Schafer, R.
B., Schinegger, R., Schmutz, S., Schneider, S.C., Schulting, L., Segurado, P.,
Stefanidis, K., Sures, B., Thackeray, S.J., Turunen, J., Uyarra, M.C., Venohr, M., von
der Ohe, P.C., Willby, N., Hering, D., 2020. mpacts of multiple stressors on
freshwater biota across spatial scales and ecosystems. Nature Ecol. Evol. 4,
1060-1068.

Blenckner, T., 2005. A conceptual model of climate-related effects on lake ecosystems.
Hydrobiologia 533, 1-14.

Borics, G., Nagy, L., Miron, S., Grigorszky, 1., Laszlo-Nagy, Z., Lukacs, B., G-Toth, L.,
Varbiro, G., 2013. Which factors affect phytoplankton biomass in shallow eutrophic
lakes? Hydrobiologia 714, 93-104.

Brooks, J.R., Gibson, J.J., Birks, S.J., Weber, M.H., Rodecap, K.D., Stoddard, J.L., 2014.
Stable isotope estimates of evaporation: inflow and water residence time for lakes
across the United States as a tool for national lake water quality assessments. Limnol.
Oceanogr. 59, 2150-2165.

Bunting, L., Leavitt, P.R., Simpson, G.L., Wissel, B., Laird, K.R., Cumming, B.F., St
Amand, A., Engstrom, D.R., 2016. Increased variability and sudden ecosystem state
change in Lake Winnipeg, Canada, caused by 20(th) century agriculture. Limnol.
Oceanogr. 61, 2090-2107.

Carlson, R.E., 1977. A tophic state index for lakes. Limnol. Oceanogr. 22, 361-369.

Carpenter, S.R., Benson, B.J., Biggs, R., Chipman, J.W., Foley, J.A., Golding, S.A.,
Hammer, R.B., Hanson, P.C., Johnson, P.T.J., Kamarainen, A.M., Kratz, T.K.,
Lathrop, R.C., McMahon, K.D., Provencher, B., Rusak, J.A., Solomon, C.T.,

Stanley, E.H., Turner, M.G., Vander Zanden, M.J., Wu, C.H., Yuan, H.L., 2007.


https://doi.org/10.1016/j.watres.2022.118728
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0001
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0001
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0001
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0002
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0002
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0002
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0003
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0004
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0004
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0005
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0005
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0005
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0006
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0006
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0006
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0006
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0007
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0007
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0007
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0007
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0008
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0009
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0009
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0009
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0009

J. Zhou et al.

Understanding regional change: a comparison of two lake districts. Bioscience 57,
323-335.

Carpenter, S.R., Caraco, N.F., Correll, D.L., Howarth, R.W., Sharpley, A.N., Smith, V.H.,
1998. Nonpoint pollution of surface waters with phosphorus and nitrogen. Ecol.
Appl. 8, 559-568.

Carpenter, S.R., Stanley, E.H., Vander Zanden, M.J., 2011. State of the world’s
freshwater ecosystems: physical, chemical, and biological changes. Annu. Rev. Env.
Resour. 36, 75-99.

Conley, D.J., Paerl, H.W., Howarth, R.W., Boesch, D.F., Seitzinger, S.P., Havens, K.E.,
Lancelot, C., Likens, G.E., 2009. Controlling eutrophication: nitrogen and
phosphorus. Science 323, 570-574.

De Blij, H.J., 1978. Geography: Regions And Concepts, 2nd ed. Wiley & Sons, New York.

Dearing, J.A., Acma, B., Bub, S., Chambers, F.M., Chen, X., Cooper, J., Crook, D.,
Dong, X.H., Dotterweich, M., Edwards, M.E., Foster, T.H., Gaillard, M.J., Galop, D.,
Gell, P., Gil, A., Jeffers, E., Jones, R.T., Anupama, K., Langdon, P.G., Marchant, R.,
Mazier, F., McLean, C.E., Nunes, L.H., Sukumar, R., Suryaprakash, I., Umer, M.,
Yang, X.D., Wang, R., Zhang, K., 2015. Social-ecological systems in the
Anthropocene: the need for integrating social and biophysical records at regional
scales. Anthr. Rev. 2, 220-246.

Dearing, J.A., Yang, X.D., Dong, X.H., Zhang, E.L., Chen, X., Langdon, P.G., Zhang, K.,
Zhang, W.G., Dawson, T.P., 2012. Extending the timescale and range of ecosystem
services through paleoenvironmental analyses, exemplified in the lower Yangtze
basin. Proc. Natl. Acad. Sci. U.S.A. 109, 1111-1120.

Dolman, A.M., Mischke, U., Wiedner, C., 2016. Lake-type-specific seasonal patterns of
nutrient limitation in German lakes, with target nitrogen and phosphorus
concentrations for good ecological status. Freshwater Biol 61, 444-456.

Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.1., Knowler, D.J.,

Leveque, C., Naiman, R.J., Prieur-Richard, A.H., Soto, D., Stiassny, M.L.J.,
Sullivan, C.A., 2006. Freshwater biodiversity: Importance, threats, status and
conservation challenges. Biol. Rev. 81, 163-182.

Fry, J., Xian, G., Jin, S., Dewitz, J., Homer, C., Yang, L., Barnes, C., Herold, N.,
Wickham, J., 2011. Completion of the 2006 national land cover database for the
conterminous United States. Photogramm. Eng. Rem. Sens. 77, 858-863.

Foley, J.A., Defries, R., Asner, G.P., Barford, C., Bonan, G., Carpenter, S.R., Chapin, F.S.,
Coe, M.T., Daily, G.C., Gibbs, H.K., Helkowski, J.H., Holloway, T., Howard, E.A.,
Kucharik, C.J., Monfreda, C., Patz, J.A., Prentice, I.C., Ramankutty, N., Snyder, P.K.,
2005. Global consequences of land use. Science 309, 1014-1015.

Havens, K.E., James, R.T., 2005. The phosphorus mass balance of Lake Okeechobee,
Florida: Implications for eutrophication management. Lake Reserv. Manage. 21,
139-148.

Heino, J., Alahuhta, J., Bini, L.M., Cai, Y.J., Heiskanen, A.S., Hellsten, S., Kortelainen, P.,
Kotamaki, N., Tolonen, K.T., Vihervaara, P., Vilmi, A., Angeler, D.G., 2021. Lakes in
the era of global change: moving beyond single-lake thinking in maintaining
biodiversity and ecosystem services. Biol. Rev. 96, 89-106.

Herlihy, A.T., Paulsen, S.G., Van Sickle, J., Stoddard, J.L., Hawkins, C.P., Yuan, L.L.,
2008. Striving for consistency in a national assessment: the challenges of applying a
reference-condition approach at a continental scale. J. N. Am. Benthol. Soc. 27,
860-877.

Ho, L.T., Goethals, P.L.M., 2019. Opportunities and challenges for the sustainability of
lakes and reservoirs in relation to the sustainable development goals (SDGs). Water
11, 1462.

Ho, J.C., Michalak, A.M., Pahlevan, N., 2019. Widespread global increase in intense lake
phytoplankton blooms since the 1980s. Nature 574, 667-670.

Homer, C., Dewitz, J., Fry, J., Coan, M., Hossain, N., Larson, C., Herold, N.,
McKerrow, A., VanDriel, J.N., Wickham, J., 2007. Completion of the 2001 national
land cover database for the conterminous United States. Photogramm. Eng. Rem.
Sens. 73, 337-341.

Homer, C., Dewitz, J., Yang, L.M., Jin, S., Danielson, P., Xian, G., Coulston, J., Herold, N.,
Wickham, J., Megown, K., 2015. Completion of the 2011 national land cover
database for the conterminous United States—Representing a decade of land cover
change information. Photogramm. Eng. Rem. Sens. 81, 345-354.

Hutchinson, G.E., 1967. Introduction to lake biology and the limnoplankton, II. John
Wiley & Sons, New York, London, and Sydney.

Janssen, A.B.G., Hilt, S., Kosten, S., de Klein, J.J.M., Paerl, H.W., Van de Waal, D.B.,
2021. Shifting states, shifting services: linking regime shifts to changes in ecosystem
services of shallow lakes. Freshwater Biol. 66, 1-12.

Laurance, W.F., Sayer, J., Cassman, K.G., 2014. Agricultural expansion and its impacts on
tropical nature. Trends Ecol. Evol. 29, 107-116.

Le, T.T., Moore, J.H., 2021. treeheatr: an R package for interpretable decision tree
visualizations. Bioinformatics 37, 282-284.

Leavitt, P.R., Fritz, S.C., Anderson, N.J., Baker, P.A., Blenckner, T., Bunting, L.,
Catalan, J., Conley, D.J., Hobbs, W.O., Jeppesen, E., Korhola, A., McGowan, S.,
Ruhland, K., Rusak, J.A., Simpson, G.L., Solovieva, N., Werne, J., 2009.
Paleolimnological evidence of the effects on lakes of energy and mass transfer from
climate and humans. Limnol. Oceanogr. 54, 2330-2348.

Liu, W.Z., Zhang, Q.F., Liu, G.H., 2010. Lake eutrophication associated with geographic
location, lake morphology and climate in China. Hydrobiologia 644, 289-299.

Mantzouki, E., Campbell, J., van Loon, E., Visser, P., Konstantinou, 1., Antoniou, M.,
Giuliani, G., Machado-Vieira, D., de Oliveira, A.G., Maronic, D.S., Stevic, F.,
Pfeiffer, T.Z., Vucelic, 1.B., Zutinic, P., Udovic, M.G., Plenkovic-Moraj, A., Tsiarta, N.,
Blaha, L., Geris, R., Frankova, M., Christoffersen, K.S., Warming, T.P., Feldmann, T.,
Laas, A., Panksep, K., Tuvikene, L., Kangro, K., Haggqvist, K., Salmi, P., Arvola, L.,
Fastner, J., Straile, D., Rothhaupt, K.O., Fonvielle, J., Grossart, H.P., Avagianos, C.,
Kaloudis, T., Triantis, T., Zervou, S.K., Hiskia, A., Gkelis, S., Panou, M.,

McCarthy, V., Perello, V.C., Obertegger, U., Boscaini, A., Flaim, G., Salmaso, N.,
Cerasino, L., Koreiviene, J., Karosiene, J., Kasperoviciene, J., Savadova, K.,

Water Research 221 (2022) 118728

Vitonyte, 1., Haande, S., Skjelbred, B., Grabowska, M., Karpowicz, M., Chmura, D.,
Nawrocka, L., Kobos, J., Mazur-Marzec, H., Alcaraz-Parraga, P., Wilk-Wozniak, E.,
Krzton, W., Walusiak, E., Gagala, 1., Mankiewicz-Boczek, J., Toporowska, M.,
Pawlik-Skowronska, B., Niedzwiecki, M., Peczula, W., Napiorkowska-Krzebietke, A.,
Dunalska, J., Sienska, J., Szymanski, D., Kruk, M., Budzynska, A., Goldyn, R.,
Kozak, A., Rosinska, J., Szelag-Wasielewska, E., Domek, P., Jakubowska-Krepska, N.,
Kwasizur, K., Messyasz, B., Pelechata, A., Pelechaty, M., Kokocinski, M.,
Madrecka, B., Kostrzewska-Szlakowska, I., Frak, M., Bankowska-Sobczak, A.,
Wasilewicz, M., Ochocka, A., Pasztaleniec, A., Jasser, 1., Antao-Geraldes, A.M.,
Leira, M., Hernandez, A., Vasconcelos, V., Morais, J., Vale, M., Raposeiro, P.M.,
Goncalves, V., Aleksovski, B., Krstic, S., Nemova, H., Drastichova, I., Chomova, L.,
Remec-Rekar, S., Elersek, T., Delgado-Martin, J., Garcia, D., Cereijo, J.L., Goma, J.,
Trapote, M.C., Vegas-Vilarrubia, T., Obrador, B., Garcia-Murcia, A., Real, M.,
Romans, E., Noguero-Ribes, J., Duque, D.P., Fernandez-Moran, E., Ubeda, B.,
Galvez, J.A., Marce, R., Catalan, N., Perez-Martinez, C., Ramos-Rodriguez, E.,
Cillero-Castro, C., Moreno-Ostos, E., Blanco, J.M., Rodriguez, V., Montes-Perez, J.J.,
Palomino, R.L., Rodriguez-Perez, E., Carballeira, R., Camacho, A., Picazo, A.,
Rochera, C., Santamans, A.C., Ferriol, C., Romo, S., Soria, J.M., Hansson, L.A.,
Urrutia-Cordero, P., Ozen, A., Bravo, A.G., Buck, M., Colom-Montero, W.,
Mustonen, K., Pierson, D., Yang, Y., Verspagen, J.M.H., Domis, L.N.D., Seelen, L.,
Teurlincx, S., Verstijnen, Y., Lurling, M., Maliaka, V., Faassen, E.J., Latour, D.,
Carey, C.C., Paerl, H.W., Torokne, A., Karan, T., Demir, N., Beklioglu, M., Filiz, N.,
Levi, E.E., Iskin, U., Bezirci, G., Tavsanoglu, U.N., Celik, K., Ozhan, K., Karakaya, N.,
Kocer, M.A.T., Yilmaz, M., Maraslioglu, F., Fakioglu, O., Soylu, E.N., Yagci, M.A.,
Cinar, S., Capkin, K., Yagci, A., Cesur, M., Bilgin, F., Bulut, C., Uysal, R., Koker, L.,
Akcaalan, R., Albay, M., Alp, M.T., Ozkan, K., Sevindik, T.O., Tunca, H., Onem, B.,
Richardson, J., Edwards, C., Bergkemper, V., O’Leary, S., Beirne, E., Cromie, H.,
Ibelings, B.W., 2018. A European Multi Lake Survey dataset of environmental
variables, phytoplankton pigments and cyanotoxins. Sci. Data 5, 180226.

Martin, S.L., Hayes, D.B., Rutledge, D.T., Hyndman, D.W., 2011. The land-use legacy
effect: adding temporal context to lake chemistry. Limnol. Oceanogr. 56,
2362-2370.

Michalak, A.M., Anderson, E.J., Beletsky, D., Boland, S., Bosch, N.S., Bridgeman, T.B.,
Chaffin, J.D., Cho, K., Confesor, R., Daloglu, I., DePinto, J.V., Evans, M.A.,
Fahnenstiel, G.L., He, L.L., Ho, J.C., Jenkins, L., Johengen, T.H., Kuo, K.C.,
LaPorte, E., Liu, X.J., McWilliams, M.R., Moore, M.R., Posselt, D.J., Richards, R.P.,
Scavia, D., Steiner, A.L., Verhamme, E., Wright, D.M., Zagorski, M.A., 2013. Record-
setting algal bloom in Lake Erie caused by agricultural and meteorological trends
consistent with expected future conditions. Proc. Natl. Acad. Sci. U.S.A. 110,
6448-6452.

Moorhouse, H.L., McGowan, S., Taranu, Z.E., Gregory-Eaves, 1., Leavitt, P.R., Jones, M.
D., Barker, P., Brayshaw, S.A., 2018. Regional versus local drivers of water quality in
the Windermere catchment, Lake District, United Kingdom: the dominant influence
of wastewater pollution over the past 200 years. Global Change Biol. 24, 4009-4022.

Nielsen, A., Trolle, D., Sondergaard, M., Lauridsen, T.L., Bjerring, R., Olesen, J.E.,
Jeppesen, E., 2012. Watershed land use effects on lake water quality in Denmark.
Ecol. Appl. 22, 1187-1200.

Nobre, R.L.G., Caliman, A., Cabral, C.R., Araujo, F.D., Guerin, J., Dantas, F.D.C.,
Quesado, L.B., Venticinque, E.M., Guariento, R.D., Amado, A.M., Kelly, P., Vanni, M.
J., Carneiro, L.S., 2020. Precipitation, landscape properties and land use
interactively affect water quality of tropical freshwaters. Sci. Total Environ. 716,
137044.

Paerl, H.W., Huisman, J., 2008. Climate: blooms like it hot. Science 320, 57-58.

Qin, B., Paerl, H.W., Brookes, J.D., Liu, J., Jeppesen, E., Zhu, G., Zhang, Y., Xu, H.,
Shi, K., Deng, J., 2019. Why Lake Taihu continues to be plagued with cyanobacterial
blooms through 10 years (2007-2017) efforts. Sci. Bull. 64, 354-356.

Qin, B.Q., Zhou, J., Elser, J.J., Gardner, W.S., Deng, J.M., Brookes, J.D., 2020. Water
depth underpins the relative roles and fates of nitrogen and phosphorus in lakes.
Environ. Sci. Technol. 54, 3191-3198.

Core Team, R, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria.

Read, E.K,, Patil, V.P., Oliver, S.K., Hetherington, A.L., Brentrup, J.A., Zwart, J.A.,
Winters, K.M., Corman, J.R., Nodine, E.R., Woolway, R.I., Dugan, H.A., Jaimes, A.,
Santoso, A.B., Hong, G.S., Winslow, L.A., Hanson, P.C., Weathers, K.C., 2015. The
importance of lake-specific characteristics for water quality across the continental
United States. Ecol. Appl. 25, 943-955.

Richardson, J., Miller, C., Maberly, S.C., Taylor, P., Globevnik, L., Hunter, P.,
Jeppesen, E., Mischke, U., Moe, S.J., Pasztaleniec, A., Sondergaard, M., Carvalho, L.,
2018. Effects of multiple stressors on cyanobacteria abundance vary with lake type.
Global Change Biol. 24, 5044-5055.

Scheffer, M., van Nes, E.H., 2007. Shallow lakes theory revisited: Various alternative
regimes driven by climate, nutrients, depth and lake size. Hydrobiologia 584,
455-466.

Schindler, D.W., 1974. Eutrophication and recovery in experimental lakes—Implications
for lake management. Science 184, 897-899.

Schindler, D.W., 2006. Recent advances in the understanding and management of
eutrophication. Limnol. Oceanogr. 51, 356-363.

Schindler, D.W., Carpenter, S.R., Chapra, S.C., Hecky, R.E., Orihel, D.M., 2016. Reducing
phosphorus to curb lake eutrophication is a success. Environ. Sci. Technol. 50,
8923-8929.

Schonfelder, I., Steinberg, C.E.W., 2004. How did the nutrient concentrations change in
northeastern German lowland rivers during the last four millennia? A
paleolimnological study of floodplain sediments. Studia Quat 21, 129-138.

Solheim, A.L., Globevnik, L., Austnes, K., Kristensen, P., Moe, S.J., Persson, J.,

Phillips, G., Poikane, S., van de Bund, W., Birk, S., 2019. A new broad typology for


http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0009
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0009
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0010
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0010
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0010
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0011
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0011
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0011
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0012
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0012
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0012
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0013
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0014
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0015
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0015
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0015
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0015
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0016
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0016
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0016
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0017
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0017
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0017
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0017
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0018
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0018
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0018
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0019
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0019
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0019
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0019
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0020
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0020
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0020
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0021
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0021
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0021
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0021
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0022
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0022
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0022
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0022
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0023
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0023
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0023
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0024
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0024
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0025
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0025
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0025
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0025
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0026
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0026
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0026
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0026
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0027
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0027
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0028
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0028
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0028
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0029
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0029
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0030
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0030
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0031
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0031
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0031
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0031
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0031
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0032
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0032
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0033
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0034
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0034
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0034
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0035
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0036
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0036
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0036
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0036
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0037
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0037
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0037
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0038
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0038
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0038
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0038
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0038
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0039
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0040
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0040
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0040
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0041
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0041
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0041
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0042
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0042
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0043
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0043
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0043
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0043
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0043
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0044
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0044
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0044
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0044
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0045
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0045
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0045
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0046
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0046
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0047
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0047
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0048
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0048
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0048
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0049
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0049
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0049
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0050
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0050

J. Zhou et al.

rivers and lakes in Europe: Development and application for large-scale
environmental assessments. Sci. Total Environ. 697, 134043.

Stoddard, J.L., Van Sickle, J., Herlihy, A.T., Brahney, J., Paulsen, S., Peck, D.V.,
Mitchell, R., Pollard, A.L.,, 2016. Continental-scale increase in lake and stream
phosphorus: are oligotrophic systems disappearing in the United States? Environ.
Sci. Technol. 50, 3409-3415.

Tammelin, M., Kauppila, T., 2018. Quaternary landforms and basin morphology control
the natural eutrophy of boreal lakes and their sensitivity to anthropogenic forcing.
Front. Ecol. Evol. 6, 65.

Tang, T., Stevenson, R.J., Grace, J.B., 2020. The importance of natural versus human
factors for ecological conditions of streams and rivers. Sci. Total Environ. 704,
135268.

Taranu, Z.E., Gregory-Eaves, 1., 2008. Quantifying relationships among phosphorus,
agriculture, and lake depth at an inter-regional scale. Ecosystems 11, 715-725.
Tilman, D., 1999. Global environmental impacts of agricultural expansion: The need for
sustainable and efficient practices. Proc. Natl. Acad. Sci. U.S.A. 96, 5995-6000.
Tomer, M.D., Porter, S.A., James, D.E., Boomer, K.M.B., Kostel, J.A., McLellan, E., 2013.

Combining precision conservation technologies into a flexible framework to
facilitate agricultural watershed planning. J. Soil Water Conserv. 68, 113-120.

United Nations Educational, Scientific and Cultural Organization (UNESCO), 2014.

Shaping the Future We Want: UN Decade of Education for Sustainable Development

10

Water Research 221 (2022) 118728

(2005-2014). Final Report, Paris. http://unesdoc.unesco.org/images/0023/002301/
230171e.pdf.

USEPA, 2016. National Lakes Assessment 2012: A Collaborative Survey of Lakes in the
United States. EPA 841-R-16-113. U.S. Environmental Protection Agency,
Washington, DC. https://nationallakesassessment.epa.gov/.

Vollenweider, R.A., 1975. Input-output models. Schweizerische Zeitschrift fiir
Hydrobiologie 37, 53-84.

Wang, J.D., Sheng, Y.W., Tong, T.S.D., 2014. Monitoring decadal lake dynamics across
the Yangtze Basin downstream of Three Gorges Dam. Remote Sens. Environ. 152,
251-269.

Watson, S.B., Miller, C., Arhonditsis, G., Boyer, G.L., Carmichael, W., Charlton, M.N.,
Confesor, R., Depew, D.C., Hook, T.O., Ludsin, S.A., Matisoff, G., McElmurry, S.P.,
Murray, M.W., Richards, R.P., Rao, Y.R., Steffen, M.M., Wilhelm, S.W., 2016. The re-
eutrophication of Lake Erie: harmful algal blooms and hypoxia. Harmful Algae 56,
44-66.

Woolway, R.I., Kraemer, B.M., Lenters, J.D., Merchant, C.J., O’'Reilly, C.M., Sharma, S.,
2020. Global lake responses to climate change. Nat. Rev. Earth & Environ. 1,
388-403.

Zhang, J., Burke, P., Iricanin, N., Hill, S., Gray, S., Budell, R., 2011. Long-term water
quality trends in the Lake Okeechobee watershed, Florida. Crit. Rev. Environ. Sci.
Technol. 41, 548-575.


http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0050
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0050
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0051
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0051
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0051
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0051
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0052
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0052
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0052
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0053
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0053
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0053
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0054
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0054
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0055
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0055
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0056
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0056
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0056
http://unesdoc.unesco.org/images/0023/002301/230171e.pdf
http://unesdoc.unesco.org/images/0023/002301/230171e.pdf
https://nationallakesassessment.epa.gov/
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0059
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0059
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0060
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0060
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0060
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0061
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0061
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0061
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0061
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0061
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0062
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0062
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0062
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0063
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0063
http://refhub.elsevier.com/S0043-1354(22)00681-9/sbref0063

	Anthropogenic eutrophication of shallow lakes: Is it occasional?
	1 Introduction
	2 Materials and methods
	2.1 Lake data
	2.2 Lake features
	2.3 Ecoregions
	2.4 Land use and land cover
	2.5 Trophic state index
	2.6 Statistical analysis
	2.7 Data availability

	3 Results
	3.1 Distribution of lake depth among ecoregions
	3.2 Relationships among lake depth, land use, and trophic state
	3.3 Variations of land use and trophic state with lake depth from 2007 to 2012
	3.4 Relationships among lake depth, ecoregion, land use, and trophic state

	4 Discussion
	5 Conclusion
	Contributions
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Supplementary materials
	References


