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Abstract: Exogenous drivers may cause a gradual and reversible change in a lake equilibrium, or
they may force it over a threshold to a persistent alternative stable state, described as a regime
shift in the ecosystem. In the mid-and-lower Yangtze River Basin (MLYB), major environmental
problems in shallow lakes have been eutrophication and abrupt algal blooms under anthropogenic
disturbances for the recent century. Much value is therefore placed on understanding the changes
in shallow-lake ecosystems that characteristically precede changes in the state of the lake. Here, we
describe a case study of the paleolimnological signature in diatom assemblages of various types
of regime shifts caused by historically documented anthropogenic drivers in a temperate shallow
lake: Taibai Lake. We evaluate the effectiveness of paleolimnological data as a surrogate for long-
term monitoring. Algorithms using sequential t and F statistics detected breakpoints in the time
series of diatom assemblages, in 1994–1996, 1974–1977, 1952–1956, and 1931–1934, respectively.
The regression statistics suggest that the hydrodynamic–ecosystem and aquacultural–ecosystem
relationships fit better in the breakpoint regression model, and the relationship between nutrient
loading and ecosystem state suits the linear model. Feedback loops help reconstruct dynamic changes
in Taibai influenced by major stressors. Our study exemplifies the value of system approaches to
identifying regime shifts and their possible causes in shallow lakes from paleolimnological records.
The case study of Taibai set an example of reconstructing the ecological regime shifts in shallow lakes
in the MLYB and understanding the state changes in lake ecosystems, which will benefit effective
lake management.

Keywords: regime shift; shallow lake; paleolimnology; feedback; Middle-Lower Yangtze River Basin;
Taibai Lake

1. Introduction

Shallow-lake ecosystems provide a broad range of indispensable services. These
services encompass water and food security, aesthetic and cultural values, and maintenance
of catchment-wide biodiversity, with wide variation amongst different lake systems [1].
Lakes with high water quality can provide clean drinking water, healthy aquatic habitats
for wildlife, and wellbeing for surrounding residents [2]. Through their connections with
river systems, engineered lakes may contribute to flooding regulation, water purification,
hydroelectricity, and fish resources. Under the pressure of human activities, however,
lake ecosystems may deteriorate to undesirable states by shifting irreversibly from one
stable regime to another, causing losses of ecological and economic resources with heavy
restoration costs [3,4]. An example of a regime shift in shallow lakes is an ecosystem
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abruptly shifting to a eutrophic state induced by excessive exogenous nutrient loading,
causing a persistent turbid-water state and algal blooms [5]. Such regime shifts are well-
known in China, a country with numerous lakes. About one-third of all Chinese lakes
are situated in the middle and lower reaches of the Yangtze River (hereafter referred to
as “MLYB”), and these freshwater shallow lakes are now facing unprecedented human-
induced eutrophication [6]. Understanding the nature and scenarios of such regime shifts
to facilitate optimal management strategies is thus crucial, as inappropriate actions could
push the lakes at risk of shifting across catastrophic threshold changes.

Regime shifts in lakes are caused by a combination of the external forces and the in-
ternal resilience of lake ecosystems [7,8]. The ecosystem becomes vulnerable and responds
to smaller perturbations after losing resilience [9]. Studies on regime shifts are diverse in
methodology, including (i) modeling in conceptual, mathematical, and computational ap-
proaches [10,11]; (ii) laboratory simulation experiments [12]; (iii) whole-lake experiments,
including biomanipulation [13–15]; and (iv) historical reconstruction of sediment cores [16,17].

As a guide to making tests of ecological data operational, Andersen et al. [18] summa-
rized hypothetical regime shift scenarios in terms of three principal alternative relationships
between drivers and state responses (Figure 1a–c). The scenarios were constructed from a
review of regime shifts inferred from statistical analysis of time series of monitoring data.
Jeppesen et al. have since added two further scenarios of driver recovery based on their em-
pirical findings in the North Water area between Canada and Greenland [19] (Figure 1d,e).
They identified recoveries in some periods of ecosystem reconstruction tracing back to ca.
4500 years ago based on lake sediment data, archaeological findings, and historical records
of climate change. Despite dissimilar data sources between regime shift and recovery, the
five patterns in Figure 1 show possible relationships between driver and ecosystem state
changing in time-series in a regime-shift-centered view. These provide a simple operational
framework to categorize real regime shifts and their mechanisms.

Figure 1. Conceptual models of alternative types of regime shifts and threshold transitions (a–c) after
Andersen et al. [18] and (d,e) after Jeppesen et al. [19]). White and green dots distinguish ecosystem
states S1 and S2, respectively. Red dots identify threshold points of abrupt and persistent change
in driver or ecosystem state, and arrows identify the direction of change. The three rows display
the driver (top row) and ecosystem (middle row) state developing through time and the ecosystem
response to the driver (bottom row) with consequences for ecosystem structure.
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The first two scenarios (Figure 1a,b) depict a single transition under the influence
of different types of drivers. The driver threshold scenario shows an abrupt change in
the driver over time mirrored by an abrupt change in ecosystem state and a linear state
response to the driver, while the state threshold scenario has a linear driver causing the
same abrupt change in ecosystem state and response pattern. The other three scenarios
simulate possible combinations of single transitions with drivers reversing after exceeding
state thresholds. The driver-state hysteresis scenario (Figure 1c) shows an abrupt state
transition caused by a gradually strengthening driver and then a time-lag, or hysteresis,
during the gradual weakening of the driver. The driver recovery scenarios (Figure 1d,e)
show abrupt switches in a driver, such as total phosphorus in a shallow lake, with the
switch back to a weak driver resulting in no recovery or hysteretic recovery.

To understand the mechanisms of transition, feedback can linearize lake ecosystems
as natural control systems and help clarify some causality [20]. Complex systems of
multiple components comprise feedback loops of various lengths, effects, and strengths.
In sum, negative feedback must prevail to keep the system stable [21]. Positive feedback
destabilizes the system and propels change toward an alternative state [22,23]. In the case
study of eutrophication, time series of diatom assemblages and water quality appeared
to track a critical transition in 2001, which was concurrent with observed algal blooms
in Erhai lake [17]. In Taibai Lake (Figure 2, hereafter referred to as Taibai), situated in
MLYB, Liu et al. [24] inferred that an early 20th century turbid algae-macrophyte mixed
state shifted to a macrophyte-dominated state around 1950 AD and further shifted to
a hyper-eutrophic algae-dominated state after 1990 AD from the ecological response of
diatom assemblages. Recently, the dynamics of ecosystem services in MLYB lakes [25] and
ecological network parameters that related to critical transition [26] have been assessed.
These works make Taibai a potentially excellent case study to investigate scenarios of regime
shifts in MLYB shallow lakes. Empirical data for Taibai and its catchment are available
including monitoring data, paleolimnological data, investigation reports, and historical
records. With these datasets, breakpoints can be detected in time series of ecosystem states
and in driver-state relationships for understanding the patterns of ecosystem responses.
We can therefore evaluate the utility of the conceptual framework by comparing the fit
of alternative hypothetical scenarios to the observed driver-response relationships and
provide insights for lake ecosystem management by constructing system dynamic diagrams
from empirical evidence. Specifically, we address the following questions: (1) What changes
of ecosystem states did subfossil diatoms show? (2) Can we detect whether there were
thresholds in the relationship between stressors and ecosystem states? (3) Can we reveal
driver-response interactions through analyses of historical data and feedback loops? The
purpose of the study is to obtain a better understanding of the mechanism underlying
ecosystem state shifts and provide insights for management strategies.
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Figure 2. Map of Taibai Lake catchment in MLYB. Left-hand map shows the middle-lower reach of
Yangtze River in China, between Hubei and Anhui province (green shadow), and the location of
Taibai Lake catchment (orange square). The right-hand map shows the northern central coring site in
Taibai, northern reservoirs draining into the lake, and connecting rivers/canals with other lakes and
the Yangtze River.

2. Material and Methods
2.1. Lake and Catchment History

Taibai Lake (29◦56′ to 30◦01′ N, 115◦46′ to 115◦51′ E, 16.0 m a.s.l.) covers an area
of 25.1 km2 within a 960.0 km2 catchment. It is a shallow lake, with a maximum depth
of 3.9 m and an average depth of 3.2 m, which has been eutrophic approximately since
2000 [27]. Human activities and environmental changes were retrieved from historical and
paleolimnological records (Table 1). Nutrient loading from chemical fertilizer application
of catchment farmland, intensive aquaculture, and untreated sewage has changed slowly.
Anthropogenic activities within the Taibai catchment (damming, sluices, hydroelectricity,
land reclamation, and restoration) act as threshold triggers, having influenced the hydrology.
The change in the function of the lake to intensive fishing and aquaculture resulted from
the adoption of modifications to the social system.

Table 1. Human activities in Taibai during the last decades.

Periods Human Activity and Paleolimnological Evidence

1970s–present

2000–present: Reducing vegetation coverage [28]

2000–present: Widespread adoption of flush toilets that are unconnected with local piped sewage systems and a lack of
new treatment plants have added to the increase in nutrient loading [29]

1987–present: Fish farm owners introduced economic domestic fishes into the lake, and the aquaculture intensity
upgraded to a high level, resulting in exponential growth in aquaculture products [30]

1983–1993: High sedimentation flux correlated to soil loss due to intensive cultivation development [29,31]

1978–2013: In the lake catchment, the population increased and human settlements expanded, while farmland and lake
area shrank (Supplementary Material 1.1) [32]

1976–present: Tongsipai Floodgate cut the dispersal route for juvenile fishes [30]

The 1950s–1980s

The 1950s–1978: Rapidly developing local industrialization, mainly chemical fertilizer factories [29]. Thereafter, the lake
received more nutrient loading from increasing domestic sewage, poorly treated industrial waste, and flushed chemical
fertilizer [28]

1958–1970: High sedimentation flux correlated with the land reclamation around Taibai [29]

1955–1962: Damming construction: three reservoirs named Jingzhu, Kaotian, and Xianrenba were built in the upper
reaches of Taibai. The lake outflow passes through lake Longgan to the east of Taibai and drains to the Yangtze River [29]

Previous to 1950 The lake had periodic direct inflow connections with the Yangtze during floods [29,30]



Water 2022, 14, 1136 5 of 16

2.2. Paleolimnology Reconstruction

Diatom (Class Bacillariophyceae) species are abundant, diverse, and important com-
ponents in freshwater lake ecosystems and have specific habitats in a broad spectrum
of conditions [33]. Subfossil diatom assemblages are often used for indicating the past
environmental and ecological changes in aquatic ecosystems, including changes of water
quality, nutrient status, salinity, hydrology, macrophyte cover, and food-web structure [34].
The microscopic siliceous frustules are generally well preserved in sediments and allow
morphological identification to genus or species level. Therefore, subfossil diatoms are
used as an ideal indicator of ecosystem states in this study.

An 83.5 cm long preliminary core TN2007 (Taibai North) was recovered using a Ka-
jak gravity corer in 2007 at a water depth of 1.5 m from the northern center of Taibai
(29◦59′44.3′′ N, 15◦48′26.5′′ E). The TN2007 core was sampled at 0.5 cm intervals from 0
to 20 cm depth and at 1.0 cm intervals from 20 to 83.5 cm depth for diatom analysis. The
samples were dated using 210Pb and 137Cs radionuclide techniques with High-Purity Ger-
manium (HPGe) Gamma Spectrometer and the constant rate of supply (CRS) model [35]. In
the laboratory, sediments were digested in a water bath with 30% H2O2 and 10% HCl [33],
and cleaned subsamples were dried onto coverslips and mounted onto microscope slides.
At least 300 diatom valves were counted in each subsample under a light microscope with
an oil immersion objective (magnification ×1000) using phase-contrast optics. Diatom
taxonomy followed Krammer and Lange-Bertalot [36]. All diatom data are calculated as rel-
ative percent abundances, and taxa with abundance less than 2% of the total were excluded
in the statistical analysis. The diatom diagram was drawn using the package tidypalaeo in
R program, and the zones were identified using both the constrained incremental sum of
squares (CONISS) and the broken-stick model [37] in R.

We used diatom species as sensitive indicators of environmental change due to the
diverse biotopes of freshwater diatoms [38,39]. For example, the abundance of planktonic
Aulacoseira granulata is closely correlated to the connection between a water body and its
mainstream, as it has a relatively high sinking rate and requires high turbulence to maintain
position in the water [40]. Changes in diatom composition have been shown to represent
well the structural changes of lake primary producers [16,26].

Grain size in both cores was measured using a Malvern automated laser-optical
particle-size analyzer (Mastersizer−2000; Malvern Instruments Ltd., Worcestershire, UK)
after removing organic matter by 30% H2O2 treatment. Total organic carbon (TOC) content
testing utilized a CE-440 elemental analyzer (EAI Exerter Analytical Inc., North Chelmsford,
MA, USA) after treating 0.5 g dry samples with 5% hydrochloric acid (HCl acid). The
relationship between grain size of lake sediments and critical shear stress [41] has been
used as an indicator of river discharge to a lake [42,43]. Grain size also correlates robustly
with paleohydrological change in nearby Longgan Lake [44]; thus, we used an index of grain
size to identify hydrological differences before and after damming and sluice construction.

The catchment is known to have had excessive fertilizer applications to agricultural
fields [45], suggesting that records of increasing agricultural fertilizers could semi-quantitatively
represent surplus nutrient loading (Supplementary Material 1.1). Fish production biomass by
Taibai from 1964 to 2013 was taken as an indicator of aquaculture intensity.

2.3. Statistical Analysis

To reduce the complexity of data, Principal Component Analysis (PCA) was applied
to the relative abundance of diatom species, and the first principal component (PC1)
and the second principal component (PC2) were calculated and compared to determine
an indicator of variation in the diatom assemblages. Statistical methods for detecting
breakpoints included sequential t-test and F-test (Chow test). We used the sequential t-test
algorithm provided as an Excel add-in by Rodionov [46] for monitoring regime shifts.
The algorithm requires input thresholds of regime length l and probability level p, and
returns lengths of stable periods, Regime Shift Index (RSI), and mean values of stable states.
In this study, we set l = 5 samples and p = 0.05. We also tested for major discontinuities
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with a Chow test from 15% of the whole 86 observations (with 23 interpolated data of
PC1) and estimated structural changes in the regression relationship in the R package
Strucchange [47]. The thresholds of the ecological state indicated by PC1 of the diatom
community composition could thus be revealed in the results of the above detections.

For exploring the discontinuity in the relationships between ecological responses
and main stressors, we also applied linear and breakpoint regression analyses on the
combinations of diatom assemblage composition, grain size, fertilizer application, and fish
production to compare magnitudes of the coefficient of determination R2 between linear
fitting and step-change alternatives. Due to the constraints of available data, proxies were
used to infer the strengths of stressors. The hydrodynamic state was estimated by the
paleo-record of grain size. Nutrient loading and aquaculture intensity were approximated
by historical records of N-P-K fertilizer application within the Hubei province and fish
production. As the breakpoints were not specified in advance, structural changes were
detected using the breakpoints function in the Strucchange package. The number of breaks
was set as 1. To assess the relationships between system states and single dominant factors,
we fitted data to two alternative patterns of response: gradual change and abrupt transition.
The R2 values allowed us to compare the robustness of fitting, and the p-values were listed
for comparison. The R code is available as Supplementary Material 2.

2.4. Diagrams of Interactions and Feedback Loops

In an ecosystem, there are various types of feedback mechanisms defined in terms
of ecological process, length, and strength. For example, positive feedback between two
components can be predator–prey interaction, facilitative interactions between species or
species and its environment, and density-dependent demographic processes [48]. In trophic
networks, positive 3-link feedback loops are the elementary destabilizing force balanced
by the stabilizing feedback from 2-link loops and self-damping [21]. Interaction strengths
are closely related to the speed of energy or biomass flow in ecological processes [49]. In
a system of n components comprising feedback of various lengths, the total intensity of
feedback loops is a summation of the strengths of all combinations of non-overlapping
feedback loops from self-damping to n-link feedbacks.

In shallow-lake ecosystems, submerged-macrophyte-centered interactions [5,50] are
widely accepted as the key functional relationships. Based on this network, we built up the
dynamic interactions in Taibai’s ecosystem that create functioning positive feedback loops.
Three abiotic elements, i.e., turbulence, turbidity, and nutrients, and five biotic elements, i.e.,
phytoplankton, zooplankton, submerged macrophytes, decapods, and fishes, were selected,
as they have played important roles in ecological processes according to available records.
We also identified the most important external drivers as damming, fertilizer applications
in the catchment, and the use of artificial fish food. Functional positive feedbacks and
effects were assessed for several periods. Following the conceptual model of feedback
loops, we created a sequence of causal loop diagrams to help visualize the destabilizing
processes that occur before regime shifts (Supplementary Material 1.2).

3. Results
3.1. Changes in Diatom Assemblage Composition

The Taibai Lake has undergone major changes in diatom assemblages, with a general
shift toward a higher relative abundance of both the periphytic Fragilaria ulna var. acus
and Nitzschia subacicularis and the benthic Nitzschia palea and Navicula menisculus and a
decrease in the relative abundance of planktonic Aulacoseira taxa (A. alpigena, A. ambigua
and A. granulata). Here, we present the more common diatom taxa in biotope groups, and
three diatom assemblage zones were identified according to the relative abundance of the
taxa and cluster analysis (Figure 3). The depth data of samples are used as the vertical axis.
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Figure 3. A stratigraphic diagram of the diatom assemblages for TN2007, with the first two axes of
PCA and zonations of the broken-stick model.

The bottom zone (42.5–20 cm) was dominated by the heavily silicified planktonic
A. granulata and the benthic Gyrosigma acuminatum. In this interval, A. granulata gradually
declined (75–45%), and benthic species increased (mainly G. acuminatum). In the middle
zone (19.5–10 cm), the diatom flora was dominated by benthic taxa G. acuminatum (30–38%),
while A. granulata declined dramatically at 19.5 cm from 45% to ~20%. Concurrently, the
relative abundance of periphytic N. subacicularis and small planktonic A. alpigena and
A. ambigua increased. The top zone (9.5–0 cm) was characterized by dominance of benthic
N. palea and periphytic taxa (F. ulna var. acus and N. subacicularis). In this interval, both
A. granulata and G. acuminatum decreased to under 10% relative percent abundance. The
boundaries of the zones are dated at 1956 AD (19.5 cm) and 1991 AD (9.5 cm) according to
the depth-age data using the 210Pb-CRS model corrected by the 137Cs 1963 peak [24].

In the result of PCA shown in Figure 4, the first and second principal components
explain 35.6% and 12.7% of the total variance, respectively. The PCA axis 1 sample scores
therefore can be used as an indicator of major variation in the diatom assemblage compo-
sition. The trend of PC1 declined gradually along the core, and PC2 changed in a similar
way to the variation of the relative abundance of G. acuminatum, which was explained by
the contributions of diatom species (Figure 4c). In the biplot of the first two components,
samples fell into three clusters: 2006–1996, 1996–1948, and 1947–1850.
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Figure 4. Explained variance of principal components, PC-scores along the first two axes of the
PCAs, and contributions of diatom species. (a) percentage of explained variance; (b) distribution of
sediment samples in the PCA biplot; (c) contributions of diatom species to the total variation.

3.2. Tests for Ecological Thresholds

Statistical tests of tipping points on PC1 of diatom assemblages were conducted
in depths for the convenience of even intervals and interpreted to date when plotting
(Figure 5). In the analysis of the Breakpoints function, the linear regression model found
four breakpoints in 7.0 cm, 14.0 cm, 20.0 cm, and 28.0 cm in depth, which can be inferred
as 1996, 1974, 1956, and 1934. For the F statistics, sup.F = 279.97, p-value < 2.2 × 10−16;
ave.F = 131.19, p-value < 2.2 × 10−16. The highest confidence of F statistics appears at
13.5 cm in depth, which means 1977. In the STARS t-test method, regime shifts were
detected at 8.0 cm, 14.0 cm, 21.0 cm, and 28.5 cm in depth, which can be inferred as 1994,
1974, 1952, and 1931 in year, respectively. The parameters used in the analysis are sig= 0.05,
cut-off length = 10, and Huber’s parameter =1. The regime shifts index in 1994 is higher
than other three, and the RSI in 1952 is the lowest. In summary, the possible tipping points
are 1994–1996, 1974–1977, 1952–1956, and 1931–1934.

The empirical relationships between environmental drivers and ecosystem states were
tested and plotted in a linear regression model and breakpoint regression model (Table 2,
Figure 6). In each plot, the model with a higher R2 value is colored in blue (linear regression)
or red (step-change), with the alternative model shown in grey. Comparing the R squares,
the values of step functions are greater in hydrodynamic and aquacultural factors. Despite
higher explanatory powers, the p-values of step functions are all larger than 0.1, while
linear regression models all show significance with Pr(>|t|) <0.001.
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Figure 5. Detected breakpoints using multiple approaches of the sequential t-test and F-test.

Table 2. Linear regression models containing no breakpoints between the stressors and ecological response.

Intercept ± SE Slope ± SE R2 Pr(>|t|) F-Test of Model Fit

PC1~MD 11.5268 ± 1.4251 2.1657 ± 0.2746 0.5308 1.33 × 10−10 F (1,55) = 62.22, p < 0.001

PC1~FA 6.7809 ± 0.5283 −1.5404 ± 0.1112 0.7771 <2 × 10−16 F (1,55) = 191.8, p < 0.001

PC1~FP −2.43085 ± 0.20452 0.26146 ± 0.05417 0.3864 2.41 × 10−5 F (1,37) = 23.3, p < 0.001

Figure 6. Regression models of the state-driver responses in Taibai Lake. (a) Hydrodynamic Factor;
(b) Nutrient Factor; (c) Aquacultural Factor.
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4. Discussion
4.1. Classification of Regime Shifts and Driver-Response Interactions

The driver-state interactions are envisioned straightforwardly with the help of regres-
sion models (Figure 6). When the driver-threshold transition is mediated by large and
abrupt changes in hydrodynamics, the process is postulated as a driver threshold type.
After 1977, the nutrient loading and intensive aquaculture affected the ecosystem slowly
and progressively, helping to change the state-driver response and the shift thresholds,
which is consistent with the state threshold type. Recovery scenarios in the framework
(Figure 1c–e) were not examined in the Taibai data because none of the ecosystem state
and nominal drivers show reversed trends over the last century. This is a widely occurring
situation for disturbed Chinese shallow lakes in MLYB that have not been engineered or
manipulated to improve water quality [27,51].

There are difficulties in using statistical approaches to testing for criteria related to the
flexible definition of regime shift, and hypothesis-testing errors may happen due to random
fluctuation induced by intervention events or missing variables due to lack of records [18].
Five step-change points were detected by t-test, but only the most significant two were
accepted because they have comparatively persistent stable states, and the shifts were more
distinctive than the other three. Statistical tests were therefore suitable for exploratory
examination of empirical data or samples, but a regime shift needs to be confirmed using
more ecological reasoning.

4.2. Feedback Loops Illustrating Regime Shifts

Functional feedbacks with the potential to actively shape the ecological threshold of
regime shifts are integrated into the causal-loop diagram. There are self-damping effects
in the populations, negative two-link feedback loops in trophic networks, two sets of
positive three-link feedback loops (“R1” and “R2”), and positive four-link feedback loop
“R3”. The other positive four-link loop between submerged macrophytes, zooplankton,
phytoplankton, and turbidity is not annotated because macrophytes reduce the negative
effect of fish predating zooplankton, and the process relying on predation makes the
whole loop weaker than others. Nonetheless, “R1” is a self-reinforcing process between
vegetation, turbulence, and turbidity and has only a single direction due to the relation
between turbulence and turbidity. The “R2” describes the base of aquatic food webs
between phytoplankton, zooplankton, and fish, where the combination of them should be
negative in equilibrium states. The “R3” circulates among four components, i.e., nutrients,
submerged macrophytes, fish, and phytoplankton, making weak positive feedback. All the
positive feedbacks in Taibai’s ecosystem serve to amplify external disturbances, which are
mainly linked to human activities in the last century.

We further interpreted the conceptual model to analyze dynamic changes over time
(Figure 7). Pre-1950s Taibai is recorded to have strong connections to the Yangtze River,
shown by the record of the median diameter of grain size at a markedly higher level.
A natural wild fish community associated with the Yangtze River dominated the lake
community (Table 1).
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Figure 7. Diagrams of reconstructed dynamic changes in Taibai Lake in the last decades. Straight
arrows show positive (+) and negative (−) interactions. New interventions are shown in blue boxes.
Yellow-highlighted arrows indicate triggering forces that stimulate circular interactions. In a closed-
loop, an odd number of negative interactions means a negative or stabilizing feedback loop (red
arrows); an even or zero number of negative interactions means a positive or reinforcing loop (“R”,
black arrows). (a) inferred feedback loops around 1956; (b) modified feedback loops from 1960s to
1990s; (c) simpler feedback loops because links related to submerged macrophytes drop out.

Phase I: Around 1956, an initial change occurred through damming, which greatly
reduced turbulence. Nutrient runoff from increasing fertilizer usage started to couple
with the effect of reduced turbidity and led to an increase in “R3”. The increased nu-
trients benefitted the phytoplankton, while the reduced turbidity led to an increase in
submerged macrophytes and a reduction in sediment nutrients. The reconstructed bio-
geochemical indicator of total organic carbon increased after 1956, showing an increase in
biological production.
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Phase II: Additional external drivers, i.e., decapods culture and artificial fish food,
modified the trophic networks through all the positive feedback. Herbivorous decapods
and grass carp were introduced to reduce the submerged macrophytes, and this effect was
reinforced through “R1” and “R3”. Villagers added artificial food for carp and decapods
on the premise that the dietary demands of the fish exceeded the primary production of
the lake (Table 1). Planktivorous fish were introduced, which amplified the initial changes
in “R2”, boosting phytoplankton and reducing zooplankton, as the negative feedbacks
constraining “R2” were weakened, i.e., self-damping of fish and zooplankton. As a result,
the decrease of zooplankton and increase of phytoplankton were reinforced. The decreasing
submerged macrophytes and increasing phytoplankton thus amplified each other in “R2”
and “R3” to greatly threaten the key components of submerged macrophytes.

Phase III: In the late 1990s, records show that submerged macrophytes nearly disap-
peared. The linked feedbacks were gone, and only “R2” remained as positive feedback in
the key relationships. The overall reinforcing effect became weaker but still destabilized
the new equilibrium increasing phytoplankton. With human aquaculture interventions, the
three-link feedback loops between fish, zooplankton, and phytoplankton probably remain
as a weak positive loop.

4.3. Policy Implications

As confirmed in our study, regime shifts in many modern ecosystems are driven
by human actions that tend to make them simpler and more homogenized with lower
biodiversity and environmental quality [9]. Another tendency is the disturbance of negative
feedbacks allowing positive feedback to take control of the ecosystem. Understanding the
role of human impacts on regime shifts is therefore important to ecosystem management
and studies. The work in Taibai achieves this goal from two aspects. First, the new case
studies add to the growing number of identified regime shifts in centralized databases,
e.g., the Regime Shift Database [52]: a knowledge base that can be viewed through the
lens of theory to help policy making. In our study, hydrological change, nutrient loading,
and aquacultural interference are factors that changed the ecosystem structure and led to
abrupt transition, which should apply to similar cases in MLYB lakes. Second, providing a
historical perspective for local ecological regime shifts in this way focuses attention on the
longer-term impacts of specific policy and trade-offs. The early lake was an ecosystem of
greater natural biodiversity and amenity than exists today. However, local society exploited
the lake’s function to provide economic gain through small-scale hydroelectric power, fish
farming, and nutrient-rich river runoff [25]. Future efforts to raise the natural capital of the
lake will be challenging if the economic gains are to continue.

Therefore, Taibai, as an example of riverine shallow lakes in MLYB, reveals the prob-
lems of human actions on regional lake ecosystems and highlights the external forces that
can push the lake ecosystems across the threshold. As the Chinese government and local
governments move forward with more environmentally aware policies to promote the
protection of the Yangtze River and lakes in its basin [53], the issue is how to restore the
ecosystems with the experience and understanding we learned from the deterioration.
The current responses to the ecological degradation of shallow lakes in the MLYB consist
of reduction of nutrient levels in the watershed and extensive plantations of submerged
vegetation within the lakes. In addition, all lakes along the Yangtze River have imple-
mented a fishing ban policy from 2020 for at least ten years [53]. The effectiveness of these
policies has been widely debated. For example, the effective removal of nutrients in lakes
and the ecological effects of different techniques to reduce nutrient levels are still unclear
and require more monitoring data [54] and synthetic analyses [55]. In practice, restoring
macrophytes in large floodplain lakes may be hindered by large seasonal fluctuations of
water levels [25]. The long-term fishing ban could alter the body sizes of zooplankton and
thus modify the sizes and species of algae without changing the number of population [56]
and prevent macrophytes from recovery due to more herbivorous fish grazing on plants.
The approach used in this paper takes the relationships between the various parts of the
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ecosystem into account from a feedback perspective, illustrating the different patterns of
ecosystem state response. The inferred feedback scenarios under external pressure provide
managers a visual system-level reference.

5. Conclusions

Under the framework of hypothetical driver-response relationships containing regime
shifts, ecosystem states and major drivers in Taibai since the mid-20th century were statisti-
cally tested. The results show potential ecological regime shifts in 1994–1996, 1974–1977,
1952–1956, and 1931–1934. According to R2, the relationship between the hydrodynamic
factor and ecosystem states indicated by PC1 of diatom composition better fits breakpoint
regression (R2 = 0.602), while the linear regression was a more suitable model for explaining
the hypothetic dependence of ecosystem states on the nutrient-loading factor (R2 = 0.777).
The relationship between the aquacultural factor and ecosystem states fits breakpoint
regression (R2 = 0.706). The p-values are all higher than 0.1 in breakpoint regressions,
indicating that these models using single factors are perhaps insufficient despite high R
squares. Reconstruction of feedback mechanisms in three phases is summarized for the
ecosystem states of Taibai Lake in the 1950s–1977, 1977–1990s, and post–1990s. Taibai had
a fast hydraulic retention time and turbulent flow before the 1950s. After the 1950s, the
interference of hydrological engineering drove the ecosystem into an alternative state with
dominant positive feedback, where longer retention time and less suspended sediment
helped to increase water transparency and allow submerged macrophytes to flourish and,
in turn, allowed submerged macrophytes to stabilize sediments and enhance transparency.
Since 1977, massive human intervention in the fish community has made impacts on both
environmental variables and ecosystem state, leading to the state-threshold regime shift
with, as shown in the diatom record, no indication of an instant state transition following
the interventions. The patterns of state-drivers response in lake ecosystems are different
due to varying feedback mechanisms and system structure, which should be considered
for effective management strategies.
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