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Abstract: Lake ecosystems are impacted by anthropogenic disturbances and have become vulnerable
worldwide. Highly disturbed lake ecosystems are not well understood due to the lack of data on
changes in the structures and functions of ecosystems. In this paper, we focus on Lake Baiyangdian
(BYDL), the largest shallow lake in North China. Following the establishment of the Xiong’an New
Area (XNA) in 2017, concerted efforts to restore BYDL's aquatic environment have been undertaken,
which has led to significant changes in the structures and functions of the ecosystems. We evaluated
the biomass dynamics of main biological communities and detected the regime shifts of environmental
factors in BYDL from 2016 to 2023. Further, we constructed a food web model for the BYDL ecosystem
in 2023 by using Ecopath with Ecosim (EwWE) and made a comparison with the reported results in
2018. The results showed significant changes in the ecosystem structure of BYDL over the last 6 years.
In 2023, the submerged macrophytes biomass in the system increased by 4.2 times compared to
2018, leading to an increase in total system throughput. We found that BYDL changed from an
algal-type lake to a macrophyte-dominated lake. In addition, we found TN, NH;*-N, and CODy,,
were significantly decreased in BYDL during the restoration. TN and NH;*-N had a change point in
approximately 2021, indicating that a regime shift had occurred during restoration. Overall, the BYDL
ecosystem was in an immature but developing state, as indicated by ecological network analysis
indicators. Nutrient-loading reduction, hydrological regulation, and rational biomanipulation may
be the potential driving factors of change in the BYDL ecosystem. We strongly recommend the
timely harvesting of submerged macrophytes, the proliferation and release of herbivorous fishes, and
the assessment of the ecological capacity of carnivorous fishes in the future ecological restoration
of BYDL.
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1. Introduction

Ecosystems under increasing anthropogenic stress can respond abruptly and through
tipping points [1]. In shallow lake ecosystems, exceeding critical threshold levels of nutrient
load can result in the loss of submerged macrophytes and a shift to turbid states [2]. The
resulting turbid condition conducive to algal growth leads to a sharp decline in dissolved
oxygen in the water. Natural and anthropogenic exploitation events (mainly eutrophication)
cause regime shifts in shallow lake ecosystems [3]. Shallow lakes used for various purposes,
such as urban drinking water sources, industrial water abstraction, agricultural farming,
and landscape recreation, are reported to have the highest degree of exploitation compared
to other types of lakes [4]. The increased utilization of shallow lakes has also resulted
in serious water pollution problems. For example, Lake Taihu, one of the five largest
freshwater lakes in China, has suffered from degradation of aquatic plants and sustained
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outbreaks of cyanobacterial blooms due to over-utilization, which has caused a decline in
the lake’s biodiversity, as well as has had a serious impact on industrial and agricultural
production and human health [5]. A state of clear, macrophyte-dominated shallow lakes is
considered to be a healthy ecological status. Returning to a clear state requires nutrient load
reductions below a threshold level [6]. However, for shallow lake management, the reverse
shift from a turbid state (phytoplankton dominance) to a clear water state (macrophyte
dominance) is difficult [7]. Multiple models have been applied to reveal alternative state
shifts, but the potential effects of restoration measures on changes in ecosystem state
remain relatively unknown. The active engagement with ecosystem state changes informs
the restoration and management of shallow lakes. The restoration of shallow lakes has
become an important task in ecological environment management. Therefore, clarifying the
interrelationships between shallow lake restoration and ecosystem changes is particularly
important in increasing attention to ecological restoration practices and quantitative studies.

BYDL, as a key ecological regulator in the Xiong’an New Area (XNA), plays an
important role in maintaining the balance of regional ecosystems, regulating climate,
recharging underground water sources, storing floodwater, and protecting biodiversity
and rare species resources [8]. BYDL is located in the core of the XNA, and the construction
of the XNA is vital for the stable development of BYDL's ecological environment. However,
due to highly intensive anthropogenic disturbances and prolonged drought, BYDL has
dried up several times in the past decades and become very fragile [9]. Consequently,
the structure of the food web has been significantly degraded, resulting in a decline in
biodiversity and a transition to a phytoplankton-dominated turbid state [10]. To alleviate
the drought situation, flow regulation was implemented on 19 occasions between 1997 and
2009 to recharge BYDL [11]. Since the establishment of the XNA in 2017, the government
has taken a series of ecological restoration measures for BYDL, including the control of
upstream pollution discharge outlets, ecological water supply, dredging, proliferation, and
release (mainly bighead carp Hypophthalmichthys nobilis and silver carp Hypophthalmichthys
molitrix and carnivorous fish), and a “fishing ban” [8]. These restoration measures might
strongly affect the structure of the ecosystem, resulting in notable changes to the food
web of BYDL. However, questions pertaining to the structure and function of the BYDL
ecosystem suffering from these issues are still unanswered.

The Ecopath with Ecosim (EwE) model can be applied to simulate the state of an
ecosystem at different periods, providing a quantitative assessment of internal ecosystem
changes [12,13]. With a user-friendly interactive interface and standard procedures for use,
the model offers a framework for understanding the ecosystem state [14]. In some studies,
the ecosystem underwent a regime shift, and the models were applied to identify the abrupt
changes or to provide directions to situations that could have caused these changes [15].
Neira et al. [16] compared the food web models of Humboldt Sul (Central Chile) in 1970
and 2004 and found that the ecosystem experienced at least two distinct periods of environ-
mental differences. Li et al. [17] compared models of BYDL in 1982 and 2011, suggesting
that the food web structure change in BYDL tends to be linear. Zeng et al. [18] evaluated the
state of the BYDL ecosystem in 2009-2010 using ecological network analysis indicators and
found that the system was in the “Bad” grade, with fragile connections between trophic
levels (TLs). However, we do not know whether these restorations have led to regime shifts
in ecosystems and the major driving mechanism processes that affect ecosystem change.
Put differently, the questions are as follows: (1) Have regulation measures affected the
occurrence of regime shifts in BYDL? (2) What impact have regulatory measures had on the
state of the BYDL ecosystem? (3) What are the potential critical factors driving the changes
in the ecosystem?

In this study, we focused on how anthropogenic restoration measures impact biotic
and abiotic factors in the BYDL ecosystem state. BYDL was taken as our case. The goals of
the present study were (1) to examine the changes in nutrient status in shallow lakes under
anthropogenic restoration measures, (2) to establish EWE mass-balance models for BYDL



Sustainability 2024, 16, 9372

30f16

and compare the state changes in the BYDL ecosystem before and after restoration measures,
and (3) to discuss potential critical factors driving the changes in the BYDL ecosystem.

2. Materials and Methods
2.1. Study Area

BYDL (E 115.38°-116.02°, N 38.43°-39.02°) is the largest shallow (2 m mean depth)
lake in North China, covering an area of 366 km?. It is located at the core of the XNA and is
fed by nine upstream rivers (Figure 1). The terrain is flat and the climate is warm-temperate
continental monsoon, with four distinct seasons and an average annual temperature of
12.1 °C. BYDL is surrounded by 40 villages, 143 lakelets, and more than 3700 ditches, which
are connected to the lakelets. BYDL was once a shallow macrophytic lake where aquatic
plants were crucial in maintaining clear water quality. However, since the 2000s, intense
anthropogenic disturbances have overexploited the water resources, resulting in serious
eutrophication of the water body, among which most of the area is heavily or moderately
eutrophic [19]. Before government restoration measures were implemented, water quality
had been deteriorating including lower dissolved oxygen levels from algal blooms, and
declines in submerged plants and fish resources. The number of total fish species from 54
in 1958 continued to decrease to 24 in 1990, including some large economic fish that have
already disappeared [8]. With the change in water quantity and quality, the food web of
BYDL tends to be simplified, the food chain is shortened, and the structure of the ecosystem
has also undergone profound changes.
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Figure 1. Location and distribution of sampling sites for Lake Baiyangdian (BYDL).

2.2. Data Collection

The data used to build the EWE model in this study were obtained from the Lake BYD
aquatic biological survey data collected in April, July, and October of 2023, including the
species composition, community structure, species abundance, and biomass of submerged
macrophytes, phytoplankton, zooplankton, zoobenthos, and fish. The establishment of the
EWwE for 2018 was based on the literature from previous years, and publications from nearby
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lakes [18,20]. Biomass data for submerged plants and phytoplankton from 2018 to 2023
were obtained from local investigation reports and field monitoring [8,11]. Additionally,
we collected water quality data for BYDL between 2016 and 2023 for analysis. To explore
whether a regime shift occurred in Lake Baiyangdian before and after the restoration
measures, we used water quality indicators to signify nutrient loading and analyzed the
change in the water quality indicators in a time series. The Mean t-test method was used
to detect the change in water quality indicators, including ammonia nitrogen (NHs*-N),
permanganate index (CODyyy), total phosphorus (TP), and total nitrogen (TN), to identify
the regime shift in BYDL. To verify regime shifts and to test thresholds, we performed
change point analysis using the “strucchange” R package (R-4.3.0) [21].

2.3. Methodology

The modeling approach of the EWE model is based on a nutrient-related biomass
framework constructed for the BYDL ecosystem. The EWE model uses trophic dynamics to
describe the efficiency of energy transfer between TLs in an ecosystem. All the species are
divided into different functional groups according to their trophic relations, which are all
linked to other TL functional groups by predator—prey interactions [22]. A complete EWE
model was constructed, including four fundamental parameters: biomass (B), production
and biomass ratio (P/B), consumption and biomass ratio (Q/B), and ecotrophic efficiency
(EE). The formula of EwWE is based on a set of linear equations, with the specific model
algorithm known as (1) production = catch + predation + net migration + biomass accumu-
lation + other mortality; (2) consumption = production + respiration + unassimilated food,
which can be simplified and expressed as follows [13]:

P Q
B(i <B> o B0 = >0 [Bm (B> 5 €0

+EX 1)

where (%) (i) (per year) is the production biomass ratio; EE; is the ecotrophic efficiency;

(%) () (per year) is the ratio of consumption to the biomass; DCy;) is the ratio that the

prey j accounts for the predation of predator ;; EX; is the output (including fish catch
and migration).

2.3.1. Division of Functional Groups

According to the modeling requirements of the EWE model, this study was based
on the ecological niche and feeding characteristics [18], and species were divided into
16 functional groups. These 16 functional groups almost all represent the energy flows
of the biota composition of BYDL (the species composition is presented in Table S1 in the
Supplementary Information). We divided fish into 9 functional groups, namely carniv-
orous fish, filter-feeding fish, other benthivorous fish, herbivorous fish, and fingerlings.
In addition, snakehead, large culters (Culter alburnus and Chanodichthys erythropterus),
common carp, and crucian carp were divided into independent functional groups as dom-
inant species with important economic value. The zoobenthos were divided into three
functional groups according to their taxonomic status: macrocrulstaceans, benthic molluscs,
and microzoobenthos. The plankton were classified into two functional groups based on
their mode of nutrition: zooplankton and phytoplankton. Phytoplankton and submerged
macrophytes served as producers in the system, while the remaining functional groups as
consumers. The detrital functional group, which represents the total non-living organic
matter in the ecosystem, is essential for model construction. Furthermore, considering
the species changes in different periods, we made corresponding adjustments to the diet
composition of the functional groups [20].
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2.3.2. Parameter Determination

Biomass (B) represents the total mass of a species per unit time and per unit area and
is expressed as wet weight (t/km?). For a functional group containing multiple species,
biomass is calculated as the average biomass of all species in that functional group within
the study area. Phytoplankton biomass was calculated by counting the number of cells
under a microscope and then converting the number of cells to biomass using the average
wet weight of the phytoplankton cells. Zooplankton biomass was determined by counting
and calculating under a microscope. The biomass of plankton is expressed in mg/L,
which is then converted to the energy unit t/km? by multiplying it by the mean water
depth [23]. Biomass data for submerged macrophytes for 2023 were obtained directly from
field sampling. Benthic organisms were sampled using a Peterson dredge (1/16 m?) to
collect triparallel sediment samples at each sample site, which were identified and weighed,
and then the biomass of the benthic organisms was obtained based on the weighing method
and the volume conversion method [11]. The biomass of fish stocks was estimated from
gillnet and ground cage catches combined with survey reports from the local fisheries office.
Detrital biomass was calculated from the relationship between primary productivity and
water transparency [13] using the following empirical equations:

log,oD = 0.954-l0og,,PP + 0.863-log,,E — 2.41 (2)

where D represents detrital biomass (g-C-m~2), PP represents primary production (g-C-m~2),
and E represents euphotic depth in meters (m). The euphotic depth is calculated by
E =2.5 x Secchi depth in meters (m).

Partial production/biomass (P/B) and consumption/biomass (Q/B) were estimated
from measured data and calculated by empirical equations [14]. Functional groups that
were unavailable for P/B and Q/B values were based on the output parameters of nearby
lake ecosystems as references [8,11,20]. Based on previous studies of the food web structure
of BYDL, the sampling sites set for the whole lake in 2018 and 2023 were basically the same
in time and sites, and the analysis approaches were the same, so the trend in the obtained
data was reliable.

2.4. Model Uncertainty and Balancing

When ecosystem material and energy inputs and outputs are in equilibrium,
EE <1 for each functional group in the model, and if EE > 1, the model is not in equilibrium.
Due to the greater uncertainty in the diet source, the diet should be prioritized for manual
adjustment [14,24]. To overcome the uncertainty of the input data, these parameters should
be checked, and further analyses and adjustments might still be required (the modified diet
composition is shown in Table S2). Based on thermodynamics and ecological principles,
pre-balancing (PREBAL) diagnostics are applied to the model debugging process. Gross
food conversion efficiency (GEj) equals (P/Q)j [14], and the P/Q ratio should be between
0.1 and 0.3 for functional groups. After debugging the model to reach equilibrium, the
EE varies between 0 and 1 for all functional groups. To test the reliability of the model,
we analyzed the sensitivity of the data in the BYDL and ecological models in terms of the
relationship between the rate of change in the model input data (—50%~50%) and the rate
of change in the estimated data (Table S5). The quality of the model was assessed using
the Pedigree index, which ranged from 0.16 to 0.68 based on the evaluation of 150 EwE
models worldwide carried out by Morissette et al. [25]. Our model quality in this study
was tested and obtained a Pedigree index of 0.563, indicating the high reliability of the
model input parameters.

3. Results
3.1. Regime Shifts of Environmental Factors and Primary Producers

We calculated the biomass of submerged macrophytes and phytoplankton separately
from 2018 to 2023. We observed that the biomass of submerged macrophytes exhibited
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a continued increase between 2018 and 2023. The trend in submerged macrophytes and
phytoplankton had the opposite biomass change (Figure 2). Phytoplankton biomass was
revealed to be the lowest in 2021 and submerged macrophytes biomass had the largest
increase (144%) between 2020 and 2021. In addition, based on water quality survey data
from 2016 to 2023, we summarized the trophic state change in BYDL (Figure 3). We
conducted regime shift detections for the TP, TN, CODyyy,, and NH4*-N in BYDL (Figure 3).
The results showed that TN and NH4"-N content were significantly reduced between 2020
and 2021, and CODyy, was significantly reduced between 2018 and 2019. TP had a peak
in 2016, with no significant difference between 2017 and 2023. TN and NH;*-N had a
change point around 2021, and CODyy, had a change point around 2019. This result was
consistent with the trend in biomass change of submerged macrophytes, indicating that the
ecosystem of BYDL may be experiencing a transitional phase from an algal-dominated lake
to a submerged macrophyte-dominated lake. However, considering the relatively short
time series of the data, it remains to be verified whether these trends represent a regime
shift in the ecosystem, which requires longer-term data monitoring.
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Figure 2. Changes in submerged macrophytes (yellow) and phytoplankton biomass (blue) for the
period 2018 to 2023. Both submerged macrophytes and phytoplankton biomass are expressed as
annual averages. The units are converted to tonnes of wet weight per square kilometer.

3.2. Basic Parameter Analysis

The input and output values of the EwE model of BYDL in 2023 are shown in Table 1.
Biomass changes in each functional group in 2018 and 2023 are shown in Table 2. The
biomass of functional groups in BYDL changed significantly from 2018 to 2023. In 2023,
at the low TLs, phytoplankton and submerged macrophytes were significant primary
producers in the ecosystem. In comparison to 2018, the biomass of submerged macrophytes
increased by 4.2 times in 2023. At the middle TLs, molluscs were the dominant zoobenthos
species in BYDL. The total zoobenthos stock decreased by 36.6% in 2023 compared to 2018.
The decline in zoobenthos biomass was mainly due to the severe destruction of zoobenthos’
habitat caused by dredging. At the high TLs, snakehead occupied the top trophic niche of
the food web, with the highest trophic level value of 3.49, followed by other carnivorous
fish and culters, with TLs of 3.48 and 3.47, respectively. Carnivorous fish biomass in 2023
rose 2.7 times compared to 2018. The increased carnivorous fish strengthened the top—down
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effect of BYDL. The filter-feeding fish species in BYDL are mainly silver carp and bighead
carp. In 2018, the resource of filter-feeding fish was only 0.02 t/(km?-a). After 2018, the
resource of filter-feeding fish recovered to a certain extent due to proliferation and release.
The biomass of herbivorous fish decreased to 0.82 t/km? in 2023, mainly due to dredging
and interspecific competition, as well as increased predation pressure from carnivorous
fish. However, this also indicated that large, submerged plants in the BYDL food web were
not fully utilized.
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Figure 3. Regime shifts of water quality indexes in Lake Baiyangdian for ammonia nitrogen (NH4-N),
permanganate index (CODyp), total phosphorus (TP), and total nitrogen (TN). Note that data are
presented as mean =+ standard error. Breaks between different colored lines indicate the locations of
tipping points. The bar plots indicate the average value of water quality indices for different years.
Student’s t-test was used to identify the possibility of regime shifts. ** p < 0.01, *** p < 0.001.

Table 1. Input and output parameters of the BYDL ecosystem for 2023 the EWE model.

Group Abbreviation I:g;?lc ﬁ;{:ﬂ;ss P/B Q/B EE P/Q
1. Snakehead Sna 3.49 3.07 0.86 3.86 0.280 0.223
2. Large culters LarC 3.47 6.78 0.67 3.20 0.435 0.211
3. Common carp ComC 2.50 5.05 1.98 10.69 0.972 0.185
4. Crucian carp CruC 2.45 14.81 1.72 9.10 0.847 0.189
5. Other carnivorous fish OcF 3.48 5.95 0.92 3.80 0.354 0.242
6. Filter-feeding fish FifF 2.53 2.50 1.67 8.00 0.952 0.209
7. Other benthivorous fish ObF 2.60 0.925 2.4 8.29 0.931 0.290
8. Herbivorous fishes HerF 2.01 0.82 1.47 8.23 0.818 0.179
9. Fingerling Fing 2.35 3.55 3.26 11.00 0.849 0.296
10. Macrocrustaceans Macr 243 4.11 5.2 24.23 0.578 0.215
11. Benthic mollusks BenM 2.32 34.32 3.36 27.20 0.004 0.124
12. Microzoobenthos Micr 24 0.881 20.12 68.30 0.793 0.295
13. Zooplankton Zoop 2 23.62 51.51 316.2 0.379 0.163
14. Phytoplankton Phyt 1 36.65 159 0.681

15. Submerged macrophytes SubM 1 3667 1.25 0.082

16. Detritus Ditritus 1 49.78 0.458
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Table 2. Biomass (t/km?) of functional groups for 2018 and 2023 in Lake Baiyangdian.

Group Name 2018 2023
Carnivorous fish 5.87 15.8
Filter-feeding fish 0.02 2.50
Omnivorous fish 21.85 20.79
Herbivorous fish 3.77 0.82
Fingerling 6.00 3.55
Mollusk 35.95 34.32
Other meiobenthos 26.05 4.99
Zooplankton 15.93 23.62
Phytoplankton 42.85 36.65
Submerged macrophytes 874.93 3667.20
Detritus 324.50 49.78

3.3. Trophic Level Energy Flows

The food web structure of BYDL in 2023 is presented in Figure 4. The food web
analysis of BYDL in 2023 revealed two main types of nutrient flows in the ecosystem. The
first is the grazing food chain, starting with phytoplankton or submerged macrophytes.
Energy flows through trophic level II (zooplankton, molluscs, and herbivorous fish) and
trophic level III (omnivorous and carnivorous fish). The second is the detrital food chain,
starting with organic detritus. Energy flows through detritus-eaters (zoobenthos and
zooplankton) and then to carnivorous fish. The analysis of the food web structure in
2023 (Figure 4), in combination with Table S3 (Supplementary Information), indicates that
detritus, phytoplankton, and submerged macrophytes functional groups dominated in the
first trophic level; zooplankton and herbivorous fish dominated in trophic level II; and the
predatory large carnivorous fish mainly occupy trophic level IIL. Using the Lindemann spine
of two different periods that were compared (Figure 5), the primary producer production
in 2023 was 10,411 t/(km?-a), 2.11 times higher than in 2018. The total flux from the system
to detritus was 8618 t/(km?-a), more than 74.4 percent of primary producer production
in 2018. However, the total ecosystem flow into detritus was 8742 t/ (km?-a), which was
lower than the production of primary producers (10411 t/[km?-a]) in 2023. As a result, the
ratio of energy flow from the grazed food chain in the BYDL ecosystem to total system
energy flow increased from 34% in 2018 to 54% in 2023. This indicates that the food web of
the BYDL ecosystem shifted from being detrital food chain-dominated to being grazing
food chain-strated for submerged macrophytes. In both periods, energy flows reduced
gradually as trophic level increased. The highest energy flows were mainly found in lower
TLs, which supplied an essential food base for the growth of some other functional groups
(Figure 4). Table 3 shows an increasing trend in energy conversion efficiencies to TLs II, III,
and IV by both primary producers and detritus. Compared to 2018, the transfer efficiency
from trophic level II to trophic level Ill increased by 1.73 times in 2023. However, the total
transfer efficiencies were slightly lower in 2023 (6.37%) than in 2018 (7.59%), indicating
that the current BYDL ecosystem had reduced its ability to utilize the remaining available
resources in adapting to changes in the external environment, resulting from un-utilized
resources flowing into detritus buried in the sediments.

3.4. Changes in Ecosystem Functioning

Ecological network analysis indicators were used to compare the characteristics of
the BYDL ecosystem in 2018 and 2023, as shown in Table 4. The total system indices
showed the changes in ecosystem structure and function. The total system throughput
in the BYDL ecosystem increased from 24,958 t/(km?-a) in 2018 to 28,034 t/(km?-a) in
2023. The main reason was the biomass of large submerged macrophytes present in the
system, which increased the total system throughput in 2023. The ecosystem maturity
can be characterized by the ratio of total biomass to total throughput (TB/TST) in the
system [18]. The ratio tends to be low in developing ecosystems and increases as the system
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matures and stabilizes [14]. As the system matures, TB/TST values would be expected
to increase to a maximum [26]. The TB/TST ratio increased from 0.041 in 2018 to 0.136
in 2023, indicating a growth in ecosystem maturity in 2023. The connectance index (CI)
and system omnivory index (SOI) are important indicators for describing the relations
within food webs. The values of CI and SOI reflect the complexity of the food chain as it
progresses from linear to reticulate, with higher values indicating that the system is closer to
maturity. The higher values of CI and SOI for ecosystems in 2023 compared to 2018 indicate
increasing system complexity. The ratio of total primary production to respiration (TPP/TR)
is used to describe the degree of system maturity. Mature ecosystems tend to have TPP/TR
values close to one, while values much higher or lower than one are considered to be
those of immature ecosystems [26]. In 2023, the system experienced a significant increase
in primary producer biomass due to the abundance of large submerged macrophytes.
This resulted in a total primary production that exceeded total respiration, causing the
TPP/TR value to rise from 1.51 in 2018 to 1.84 in 2023. According to the Lindeman spine
(Figure 5), the primary productivity of the BYDL ecosystem was 10,411 t/(km?2-a), of which
4343 t/(km?-a) was consumed and the remaining 58.3% was not consumed by predators
but deposited as detritus or mineralization. This result provides important guidelines for
the harvesting of submerged macrophytes. We simulated harvesting 58.3% of the total
submerged macrophytes biomass, and when the submerged macrophytes biomass was
reduced to 1529.2 t/(km?-a), the corresponding system outputs showed that the amount
of primary producer runoff debris in the system decreased by 44%. The value of TPP/TR
was reduced from 1.84 to 1.37, which is closer to the standard value of 1. Additionally, the
Finn’s cycling index (FCI) represents the proportion of an ecosystem’s throughput that
undergoes recycling. Christensen [22] suggested that mature systems generally exhibit
greater recycling than immature systems. The harvest simulated results (Table 4) showed an
increased FCI from 8.39 to 12.45, indicating a significant improvement in system maturity
with appropriate submerged macrophytes harvesting.

44
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Figure 4. A food web of the Lake Baiyangdian ecosystem for 2023 (see Table 1 for definitions of
functional group names). The circle represents functional group biomass (a bigger circle equals a
higher biomass), and the line represents the proportion of diet available to the predator (thicker lines
equal a larger proportion of diet).
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Figure 5. The Lindeman spine for the 2018 (a) and 2023 (b) models. A description detailing the inflow
and outflow processes for each box is provided at the figure’s base. The values for all transfers are
expressed in t/ (km? -a), and the biomass is denoted in t/ km?.
Table 3. Transmission efficiency among nutrient levels of BYD Lake ecosystem in 2018 and 2023.
In the Year 2018 In the Year 2023
Parameter
I III v 1I 111 v
Producer % 4.128 9.153 20.51 5.955 6.337 6.790
Detritus % 3.171 6.353 15.87 6.091 6.265 6.828
All flows % 3.483 7.226 17.35 6.020 6.302 6.809
Proportion of total flow originating from detritus 0.66 0.46
From primary producers 9.185% 6.351%
From detritus 6.837% 6.387%
Total transfer efficiencies 7.587% 6.369%
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Table 4. Ecological network analysis indicators of change in the Lake Baiyangdian ecosystem in 2018
and 2023 (58.3% of submerged macrophytes harvested).

Parameter 2018 2023 Harvest Simulated Output in 2023
Total system throughput (t/ km?) 24,958 28,034 22,689

Total primary production/total respiration 1.51 1.84 1.37

Total biomass/total throughput (/a) 0.041 0.136 0.074

Connectance index 0.27 0.33 0.33

System omnivory index 0.097 0.168 0.168

Finn’s cycling index (FCI) 36.40 8.39 12.45

4. Discussion
4.1. Ecosystem Structure Differences

This study is very important for understanding the dynamic changes in the BYDL
ecosystem, as many studies have indicated that this lake has experienced regime shifts [3].
The structure of the BYDL ecosystem changed significantly from 2018 to 2023. We docu-
mented that the changes occurred mainly in the biomass and energy transfer efficiency of
functional groups (Table 3 and Figure 5). The first trophic level has the highest biomass,
which is composed of submerged macrophytes, phytoplankton, and organic detritus. The
first trophic level is dominated by submerged macrophytes. The conversion efficiency
of energy transfer from primary producers to trophic level II was 44.3% higher in 2023
than in 2018, and the total system throughput expanded as submerged macrophytes
biomass increased. With submerged macrophytes’ recovery, BYDL shifted from a turbid
phytoplankton-dominated state to a clear submerged macrophyte-dominated state. This
was for several reasons. First, with the increase in management efforts to control the
discharge of nutrient-loading, the water quality was improved from Grade V to Grade
III (Grade V is the worst). Thus, the dissolved oxygen and water transparency was im-
proved, and the photosynthesis of submerged macrophytes was enhanced. Second, fish
and macrozooplankton are also major biological factors influencing the algal-dominated
lake and macrophyte-dominated lake regime shifts [27]. The biomass of carnivorous fish in
the BYDL ecosystem in 2023 increased nearly threefold compared to 2018. The predation
of carnivorous fish on benthic fish led to an increase in zooplankton abundance, which
controlled the phytoplankton biomass [28]. In addition, the decline in the herbivorous fish
populations also reduced grazing pressure on submerged plants, thereby increasing com-
petition from submerged plants for phytoplankton. Finally, the maintenance of water level
is the key to the growth of submerged macrophytes. In recent years, the water level (about
7 m) of BYDL has been maintained within the range suitable for the growth of submerged
macrophytes through ecological water replenishment such as the South-to-North Water
Diversion and Yellow River diversions project [29].

Under the premise of reducing external nutrient inputs, endogenous release is the main
cause of eutrophication in lakes. Nitrogen released endogenously from lake sediments can
continue to pollute water quality. Dredging can effectively remove nutrient-rich sediment
to reduce endogenous release. However, the nitrogen (N)-loading reduction is relatively
slow compared to the control effect of CODyy, reduction. Therefore, TN and NH;"-N
reduction was slightly retarded relative to CODyy,, with the change point approximately
around 2021. Overall, the stability of the BYDL ecosystem is subject to the interaction
of multiple stressors, of which water quality improvement is a key factor. Regime shifts
in shallow lakes are often initially caused by nutrient-loading. By controlling nutrient
inputs, rational biomanipulation, and stable ecological water replenishment, submerged
macrophytes gradually recovered over a 6-year period (Figure 4). The ecosystem of BYDL
shows an improving trend, suggesting a succession of algal- to macrophytic-type in the
lake type of BYDL, but its long-term stability still needs to be monitored.
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4.2. Ecosystem Evolution Trends

In this study, we compared changes in the BYDL ecosystem between the two periods
by using several ecological network analysis indices (Table 4). In general, TST is propor-
tional to the scale of the system and increases with the total biomass flowing through
the system [30]. Shallow lakes with higher biomass of macrophytes can sustain longer
food chains, contributing to high energy flows in the ecosystem [31]. Compared with
2018, the submerged macrophytes with higher biomass in BYDL in 2023 increased the
total system’s throughput and expanded the overall size of the system. As the size of the
ecosystem expanded, the community structure within the system became more and more
complex, and the system’s ability to resist external interference increased while the system
also developed toward maturity. The TB/TST, CI, and SOI indices were all elevated, also
demonstrating the system’s progression towards maturity. In 2018, the eutrophication of
BYDL intensified due to excessive pollutants and nutrient loads, resulting in a significant
increase in phytoplankton levels in the lake [32]. Consequently, system energy turnover
was accelerated during this period, increasing the system cycling index, FCI. The high
biomass of submerged macrophytes in the 2023 system increased total system primary
production. However, the total respiration of the system decreased significantly due to a
79% decrease in herbivorous fish biomass, a 41% decrease in fingerling biomass, and an
81% decrease in benthic biomass. The system’s total primary production far exceeded total
respiration, resulting in increased TPP/TR. After we simulated harvesting by reducing
the biomass of submerged macrophytes in the system, TPP/TR was reduced from 1.84 to
1.34, which is closer to the ratio of 1 for mature systems. Therefore, we recommend suitable
harvesting of submerged macrophytes to improve the maturity of the system.

Overall, the TST, TB/TST, CI, and SOI indices have increased from 2018 to 2023,
indicating a steady developing trend in the BYDL ecosystem over the past six years.
Since 2018, ecological restoration measures implemented in the XNA have played a role
in restoring the BYDL system, and the resulting effects have maintained the stability
of the ecosystem through a series of feedback mechanisms. In addition, by comparing
the ecological network analysis indicators with other lake systems in China (Table 54,
Supplementary Information), it was also confirmed that the BYDL ecosystem is in an
immature but developing state.

4.3. Potential Drivers of Ecosystemic Change

Unfortunately, the EWE model we used is a static model that provides a snapshot of
system change and can track the structure of the food web within the ecosystem. However,
we cannot directly identify external drivers of ecosystem change in the present study. The
ecosystem changes in BYDL are the result of a combination of factors. We speculate that
factors such as nutrient load reduction, stable hydrological management, and rational
biomanipulation are the main drivers influencing ecosystem changes. It is reported that
54 fish species were in the BYDL survey in 1958; in later years, the drought and the con-
struction of reservoirs upstream led to the disappearance of migratory fish as well as a
continuous decline in the total number of fish species—only 28 species of fish were found
in 2018 [32]. In addition, the coupling and superposition of factors such as high release rate
of sediment, pollution discharge, flood control, and rainfall have led to a serious degree of
eutrophication in the lake, which is prone to triggered cyanobacterial blooms [8]. Since the
establishment of the XNA in 2017, according to the “Ecological environment governance
and protection plan for BYDL (2018-2035)”, which requires comprehensive regulation of
the water environment of BYDL and adheres to systematic governance and the idea of
“source control-pollution interception—water replenishment”, ecological restoration has
been carried out deeply [33]. The water environment of BYDL has effectively improved
through reduced pollution discharge from rivers, dredging, ecological water replenish-
ment, fish resource enhancement, and a new fishing ban, with the number of fish species
gradually recovering from 27 in 2018 to 34 in 2023. Improved water quality has contributed
to the gradual dominance of submerged macrophytes. The single energy utilization way
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of submerged macrophytes in the 2023 ecosystem resulted in the energy of submerged
macrophytes not being utilized adequately. The dead remains of submerged macrophytes
eventually become detritus, recycled, or mineralized. To reduce the accumulation of large
amounts of detrital sediments in the system, large-scale dredging has been carried out
in BYDL. However, this has also caused damage to benthic habitats, as well as anthro-
pogenic disturbance, resulting in a lower total biomass of zoobenthic in 2023 compared
to 2018. It has been shown that sediment habitats play an important role in the structure
and diversity of benthic communities and that dredging can disrupt the composition of
benthic communities, especially for benthic molluscs, and those benthic communities are
not sufficiently restored in a short period of time, resulting in potentially lower benthic
community diversity [34]. Dredging can reduce the abundance and diversity of fish due
to alteration of sediment conditions and the destruction of their habitat [35]. Dredging
causes sudden changes in hydrological conditions and physical indicators of the water
body, such as changes in dissolved oxygen, pH, transparency, etc., which in turn causes a
series of aquatic biological responses. Sediment resuspension affects nutrient release and
light inhibition, which in turn affects aquatic community structure [36]. Consequently, the
reduction in herbivorous fish biomass has also been affected by dredging, as well as by the
rising pressure from predation and interspecific competition. In addition, detritus itself can
increase system stability by influencing the composition of the food web [37]. Large-scale
dredging can remove large amounts of detritus from the system. Therefore, the effects of
the extent of dredging on ecosystem health need to be further investigated. These factors
may have contributed to a slight decrease in the total conversion rate of the system in 2023
(7.587 percent) compared to 2018 (6.369 percent), which is below the optimal “1/10 Law”
for the energy conversion efficiency of the eco-pyramid [26]. However, compared to other
lakes in China, the total ecosystem conversion rate of BYDL in 2023 (6.369 percent) was
higher than that of Lake Wuli (4.9 percent) and Lake Qiandao (3.5 percent), and lower than
that of Lake Taihu (10.87 percent) and Lake Dianshan (11.7 percent).

4.4. Management Recommendations for the Lake

The environmental characteristics of BYDL are the result of the interaction between
natural geography and anthropogenic activities. For a long time, with socio-economic
development, the increased input of exogenous pollutants and the reduced fishery resources
caused by anthropogenic factors have led to significant changes in the structure and
function of the ecosystem of BYDL. Fisheries can be put on a sustainable path through
the limitation of fishing efforts [38]. In recent years, new fishery management regulations
have been implemented in BYDL, prohibiting fishing from May to August each year, which
has to some extent alleviated the pressure of overfishing. Moreover, together with the
implementation of stock enhancement activities, these have to some extent repaired the
structure of the food web of BYDL. BYDL ecosystem-based management recommendations
for the future are proposed based on the findings of this study. Firstly, releasing species
is adjusted through regular assessment of the effectiveness of enhancement and release.
In general, controlling small-sized planktivorous fish may be difficult, while regulating
larger-sized fish is comparatively easier [39]. Therefore, we propose assessing the ecological
capacity of carnivorous fish and rationally regulating the fish community structure in the
lake through biomanipulation. Based on the field survey and EwWE model analysis, BYDL
has a low number of herbivorous fish. Therefore, herbivorous fish should be released
through proliferation, which can balance the community structure of lake fish and improve
the utilization rate of submerged macrophytes through the feeding effect of herbivorous fish.
Finally, due to the high biomass of the lower TLs in BYDL (e.g., high biomass of submerged
plants 3667.2 t/(km?-a)), the decomposition of submerged macrophytes releases nitrogen
and phosphorus. In particular, Potamogeton crispus L. transfers 71.5% of its phosphorus to
water in dissolved and suspended detritus states. This can easily affect the water quality,
triggering algal blooms. Therefore, it is necessary to harvest submerged macrophytes at
the appropriate time. Studies have shown that harvesting large aquatic plants in autumn
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is more effective and can improve the ecosystem’s maturity [40]. Overall, although the
Baiyangdian ecosystem shows an improving trend, the long-term stability of its ecosystem
remains to be monitored. We recommend that changes in the Baiyangdian ecosystem be
monitored continuously to more accurately assess the effectiveness of ecological restoration
measures and make timely adjustments to management strategies.

5. Conclusions

This study managed to construct an EwE-based mass-balance model to quantitatively
describe the changes in ecosystem structure and function in BYDL leading up to 2023. Upon
comparison with the 2018 EwE model, significant changes in the biomass of species within
the BYDL ecosystem were observed. Notably, the biomass of submerged macrophytes
underwent the most significant change, and the biomass of carnivorous fish also changed
considerably. We analyzed the annual biomass changes in submerged macrophytes and
phytoplankton, and found that the biomass of submerged macrophytes had the opposite
trend to that of phytoplankton. Combined with water quality indicators, TN, NH4*-N, and
CODy, were significantly decreased in BYDL during the restoration. TN and NH;"-N had
a change point in approximately 2021. BYDL's ecosystem may be transitioning from an
algal-dominated lake to a submerged macrophyte-dominated lake. Overall, the XNA has
taken a series of ecological restoration measures for BYDL and has had a positive effect
on the BYDL ecosystem. These result in the Baiyangdian ecosystem being immature but
developing from 2018 to 2023. Nutrient load reduction, dredging, and fishery management
might be key drivers causing changes in the structure and function of the BYDL ecosystem.
The present study was the first to quantitatively analyze the impacts of multiple external
anthropogenic activities on the BYDL ecosystem from a systemic perspective, and provides
hints for achieving sustainable management of BYDL. Taking Lake BYD as a case area,
the use of the EWE model provided a new perspective for us to quantitatively explore
ecosystem changes in different periods, and the model will undoubtedly become a key tool
for the increasingly urgent needs of integrated ecosystem management in the future.
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www.mdpi.com/article/10.3390/su16219372/s1, Table S1: Species composition for Ecopath model
of Lake Baiyangdian in 2023; Table S2: Diet composition for the 2023 model of Lake Baiyangdian;
Table S3: Trophic decomposition of function groups in the Lake Baiyangdian ecosystem; Table S4:
Comparison of ecological network analysis indicators in different shallow lakes in China. Table S5:
Sensitivity of the estimated parameters when input parameters value were varied for the 2023 model
of the Baiyangdian Lake. References [41-46] are cited in the supplementary materials.
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