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ABSTRACT

Under increasing anthropogenic pressure, species with a
previously contiguous distribution across their ranges have
been reduced to small fragmented populations. The
critically = endangered  Yangtze finless  porpoise
(Neophocaena asiaeorientalis  asiaeorientalis), once
commonly observed in the Yangtze River-Poyang Lake
junction, is now rarely seen in the river-lake corridor. In this
study, static passive acoustic monitoring techniques were
used to detect the biosonar activities of the Yangtze finless
porpoise in this unique corridor. Generalized linear models
were used to examine the correlation between these
activities and anthropogenic impacts from the COVID-19
pandemic lockdown and boat navigation, as well as
environmental variables, including hydrological conditions
and light levels. Over approximately three consecutive
years of monitoring (2020-2022), porpoise biosonar was
detected during 93% of logged days, indicating the key
role of the corridor for finless porpoise conservation. In
addition, porpoise clicks were recorded in 3.80% of
minutes, while feeding correlated buzzes were detected in
1.23% of minutes, suggesting the potential existence of
localized, small-scale migration. Furthermore, both
anthropogenic and environmental variables were
significantly correlated with the diel, lunar, monthly,
seasonal, and annual variations in porpoise biosonar
activities. During the pandemic lockdown period, porpoise
sonar detection showed a significant increase.
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Furthermore, a significant negative correlation was
identified between the detection of porpoise click trains
and buzzes and boat traffic intensity. In addition to water
level and flux, daylight and moonlight exhibited significant
correlations with porpoise biosonar activities, with
markedly higher detections at night and quarter moon
periods. Ensuring the spatiotemporal reduction of
anthropogenic activities, implementing vessel speed
restrictions (e.g., during porpoise migration and feeding),
and maintaining local natural hydrological regimes are
critical factors for sustaining porpoise population viability.

Keywords: Yangtze finless porpoises; Yangtze River;
Poyang Lake; Pandemic lockdown; Boat traffic;
Hydrological regime; Light level

INTRODUCTION

Cetaceans, including whales, dolphins, and porpoises, are
highly specialized aquatic mammals. As top predators in
aquatic trophic networks, the size and distribution of cetacean
populations are excellent indicators of habitat health
(Echeverria et al., 2022; Wirsig, 1989). In addition, cetaceans
play key functions in ocean and freshwater ecosystems,
including the facilitation of carbon and nutrient cycling (Savoca
etal.,, 2021) and regulation of food webs (Springer etal.,
2003).Cetaceans are also promising sources for cancer
suppression research and can contribute to the development
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of future targets for human cancer therapies (Tollis etal.,
2019) and are important subjects for the investigation of
evolution (Goldbogen et al., 2019; Goswami et al., 2022) and
bioinspired innovation (Capus etal., 2007; Vishnu etal.,
2022).

The Yangtze finless porpoise (Neophocaena asiaeorientalis
asiaeorientalis) is the only freshwater porpoise population in
the world (Wang, 2009). Currently, its distribution is limited to
the Yichang to Shanghai stretch of the Yangtze River, the
longest river in China and third longest in the world, as well as
the adjoining Poyang and Dongting lakes, the two largest
freshwater lakes in China (Wang, 2009). The existing
population of free-ranging Yangtze finless porpoises is
currently classified as critically endangered by the IUCN Red
List of Threatened Species (Wang et al., 2013), decreasing
from approximately 1800 individuals in 2006 to 1012
individuals in 2017 (Huang et al., 2020; Zhao et al., 2008).

Conflicts between humans and wildlife have become
increasingly common (McCauley et al., 2015). Many species,
particularly freshwater cetaceans with once contiguous
distributions, have been reduced to small fragmented
populations due to increasing anthropogenic pressure
(Robinson et al., 2019), including the Yangtze finless porpoise
(Huang etal.,, 2020). Habitat fragmentation imposes
considerable stress on species, not only reducing genetic
variation but also threatening subpopulations with
demographic collapse and potential extirpation, as observed in
certain populations of the Indus River dolphin (Platanista
gangetica minor) (Braulik et al., 2014).

The main stream of the Yangtze River and Poyang Lake are
vital habitats for the Yangtze finless porpoise, harboring
approximately 44% and 45% of the total wild population,
respectively (Huang et al., 2020). The confluence of the main
trunk of the Yangtze River and Poyang Lake has consistently
been identified as the river section with the highest rate of
porpoise detection (Huang etal., 2020; Wei etal.,, 2003;
Zhang etal.,, 1993). Historically, movement of finless
porpoises in the junction area of Poyang Lake and the
Yangtze River was relatively common (Wei et al., 2002; Zhang
et al., 1993). However, the construction of two bridges in the
Poyang Lake junction area has had an impact (Figure 1).
Notably, the construction of a highway bridge in Poyang Lake,
approximately 2.5 km above the Yangtze River and Poyang
Lake junction , commenced in 1997 and finished in 2000. This
bridge spans a total length of 3 799 m, featuring a four-span
arrangement (65 m+123 m+318 m+130 m) and side spans of
either 50 or 30 m. Similarly, the construction of the railway
bridge in Poyang Lake, approximately 6 km above the
Yangtze River and Poyang Lake junction, commenced in 2005
and finished in 2008. This bridge spans a total length of
5 378 m, also featuring a four-span arrangement (120 m+
120 m+120 m+120 m) and side spans of either 41.8 or
32.7 m. Between 2006 and 2007, short-term static passive
acoustic monitoring was conducted, ranging from several to
80 days, between the two bridges. During that time, finless
porpoises were detected on more than 70% of the monitoring
days (Dong et al., 2012; Li et al., 2010). From 2007 to 2010, a
regular seasonal towed acoustic survey was conducted near
the Yangtze River and Poyang Lake junction, showing fewer
porpoise detections near the bridge compared to non-bridge
areas (Kimura et al.,, 2012). Recent investigations, including
towed acoustic surveys and visual line transect surveys,
revealed rare porpoise detections between the two bridges
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(Zhi-Tao Wang, unpublished data). Considering the narrow
water width, small bridge pier span, and busy traffic on the
highway and railway bridges, which generates and transmits
vibration and noise into the water near the Poyang Lake and
Yangtze River junction, we hypothesized that the two bridges
may act as barriers, hindering the movement of porpoise
migration between the Yangtze River and Poyang Lake.

The visual observation of free-ranging finless porpoises is
challenging due to their brief surfacing to breathe, small body
size, and absence of a dorsal fin, as well as external factors
such as boat navigation and turbidity (Wang et al., 2014a).
Toothed whales have evolved a sophisticated biosonar
system for navigation, communication, and foraging (Au,
1993; Wirsig, 1989). For navigation safety, Yangtze finless
porpoises frequently employ biosonar to survey their
surroundings at distances of up to 77 m, before proceeding
quietly within a shorter distance (less than 20 m) (Akamatsu
etal.,, 2005). Free-ranging finless porpoises emit species-
specific echolocation signals almost continuously in the form
of click trains, with an inter-click-train interval of 6.4 s
(Akamatsu et al., 2007; Au, 1993). These echolocation clicks
possess distinctive acoustic features that facilitate their
identification (Wang et al., 2015a). Notably, during concurrent
visual and acoustic surveys, the detection rate for solitary
finless porpoises using acoustic methods is five times higher
compared to visual methods (Akamatsu et al., 2008).

Therefore, in the current study, we employed passive
acoustic monitoring to investigate the temporal biosonar
activity of Yangtze finless porpoises at the Yangtze River and
Poyang Lake junction to determine whether (and to what
extent) the two bridges act as barriers for porpoise migration.
Harbor porpoises (Phocoena phocoena), belonging to one of
the three genera in the porpoise family, exhibit nearly
continuous foraging behavior day and night (Wisniewska
etal.,, 2016). Furthermore, the availability of prey is widely
recognized as a primary factor influencing the habitat use of
finless porpoises (Kimura etal., 2012; Wang et al.,, 2015a,
2014a). Therefore, we further explored finless porpoise
feeding activity in the study area. In addition, we analyzed
anthropogenic variables related to the COVID-19 pandemic
lockdown and boat navigation, as well as environmental
variables, including hydrological conditions and illumination, to
investigate their potential impacts on the temporal presence of
this native species in the region.

MATERIALS AND METHODS

Static passive acoustic monitoring was conducted at the
Yangtze River and Poyang Lake junction. The monitoring site
was at a fairway buoy (N29°43'14", E116°11'39"), located at
approximately an equal distance (1.6 km) from the highway
and railway bridges (Figure 1). The distances between the
buoy and downstream and upstream navigation channels
were approximately 200 and 400 m, respectively.

Noninvasive passive acoustic monitoring methods were
adopted, and acoustic data were collected by remote sensing
without causing harm to the local porpoises. Permits for
underwater acoustic recorder deployment at the buoy were
obtained from the Jiangxi Provincial Port and Navigation
Administration and Jiangxi Provincial Fisheries Administration
in 2019.

Acoustic data collection

Instead of high-frequency full-bandwidth digital sound
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Figure 1 Map locations of static acoustic monitoring in the Yangtze River and Poyang Lake junction area

Red area in lower right inset shows distribution area of Yangtze finless porpoise and yellow box marks the Yangtze River and Poyang Lake junction

area.

recorders, autonomous acoustic data loggers (C-POD) were
applied in our research, which have been widely used in
studies on fine-scale distribution, activity, and abundance of
the harbor porpoise (Amundin et al., 2022; Carlén et al., 2018;
Sveegaard et al., 2015), vaquita (Phocoena sinus) (Jaramillo-
Legorreta etal.,, 2017), and bottlenose dolphin (Tursiops
truncatus) (Nuuttila etal., 2013a; Pirotta etal., 2014). All
devices were moored with a hydrophone deployed at
approximately 1.5 m below the water surface. Each C-POD
device was retrieved at intervals of one to three months to
change batteries and memory cards. However, battery
depletion and equipment failure due to weather-related delays
in servicing resulted in some reductions in recording time.
Consequently, data obtained on the days the C-POD was
deployed or retrieved were discarded to avoid interference
from servicing activities. As such, only data comprising a
complete 24 h recording period were selected for further
analysis.

Acoustic data analysis

Acoustic data were processed using the pattern recognition
software C-POD.exe v2.048 (Chelonia, UK). The C-POD
devices have a detection threshold of 114.5+1.2 dB re 1 pPa
peak-to-peak at 130 kHz (Dahne etal., 2013) and monitor
ultrasound at a frequency band between 20 and 160 kHz,
encompassing the echolocation frequencies of most
odontocete species, except for sperm whales. The C-PODs
use online digital waveform characterization to register the
time of detection of click events. For each click, various

parameters are stored, including time of occurrence (5 s
resolution), click duration, peak amplitude, frequency (based
on zero-crossing interval measurement to 200 ns resolution),
bandwidth, and envelopes. The collected data are processed
using the KERNO classifier, an offline automated click train
detection and classification algorithm, which extracts coherent
click trains and assigns each train to one of the following four
source categories (narrow band high frequency (NBHF)
porpoise, other cetaceans, boat sonar, and unclassified) and
one of the following four levels of confidence (high, moderate,
low, and doubtful). Most cetacean clicks occur in trains, and
KERNO requires at least five clicks to classify a click
sequence as a porpoise click train.

As the Yangtze River dolphin (Lipotes vexillifer, also named
Baiji) is considered as likely extinct in the wild since 2006
(Turvey et al., 2007), the Yangtze finless porpoise is currently
the only cetacean species in the Yangtze River, and species
identification was not necessary for this study. Buzz signals,
trains of echolocation clicks with a minimum inter-click interval
shorter than 10 ms, have been widely used in cetacean
research as a proxy of feeding activity (Todd etal., 2009;
Wang et al., 2014a, 2015b). Finless porpoises also emit buzz
signals during prey capture (Akamatsu etal.,, 2010; Wang
et al., 2015a, 2014a), which were used in the current study to
infer patterns of foraging activity. A conservative approach
was taken, with only high- and moderate-quality NBHF trains
and other cetaceans extracted as porpoise biosonar activity
and used for further analysis. Detailed detection information
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on clicks and click trains were exported to text files and further
aggregated into 1 min and 1 h periods with custom-made
Matlab script (Mathworks, USA). Sonar activity was exported
as porpoise click detection-positive rate per minute (DPRM),
number of porpoise click trains per minute, number of
porpoise buzzes DPRM, and number of porpoise buzzes per
minute. To assess the false positive detection rate of porpoise
sonar signals, a validation exercise was conducted involving
the visual inspection of a subset of raw C-POD data files to
identify false positive detections of click trains following the C-
POD designer guidelines (https://www.chelonia.co.uk/
index.html).

Anthropogenic and environmental data

The potential impacts of anthropogenic activities, hydrological
regime, and illumination conditions on the temporal patterns of
porpoise sonar activity were investigated. Anthropogenic
activities included the COVID-19 lockdown and boat traffic,
hydrological regime included water level and water flux,
illumination conditions included diel and lunar cycles, and
temporal scale included month, season, and year.

To stem the spread of COVID-19, the Poyang Lake junction
area was locked down continuously from 1800h on 1 February
to 2400h on 23 February 2020, with all commercial activities
and roads, bridges, and shipping lanes closed, except for law
enforcement vessels. Boat traffic was derived from the C-POD
data, in which click trains with high and moderate confidence
assigned to the boat sonar category were grouped into
minutes and exported as boat sonar detection-positive
minutes and number of boat sonar detections per minute.

Hydrological regime data of water level and flux at the
acoustic monitoring site were obtained from the official
database of the Water Resources Department of Hubei
Province (https:/slt.hubei.gov.cn/sjfb/). The water level was
further divided into five consecutive phases: wet level (water
level above 17 m), wet to normal (WN) transitional level (water
level between 16.01 and 17 m), normal level (water level
between 13.01 and 16 m), normal to dry (ND) transitional level
(water level between 12.01 and 13 m), and dry level (water
level lower than 12 m) (Fang et al., 2022).

To explore diel patterns, each day was split into three light
periods based on solar elevation: night (sun altitude less than
—12°), twilight (including dawn and dusk, sun altitude between
0° and —-12°), and day (sun altitude greater than 0°) (Espafiol-
Jiménez & Van Der Schaar, 2018; Homfeldt et al., 2022;
Kowarski etal., 2018; Mussoline etal., 2012; Ryan etal.,
2019). The time division points between different light periods
were obtained from time and data website (https://www.
timeanddate.com/).

To explore lunar patterns, the study period was divided into
the three phases: new moon period, quarter moon period
(including first and last quarter moon periods), and full moon
period (Wang et al., 2015b). The time points for the new, first
quarter, full, and last quarter moon phases were obtained from
the time and data website (https://www.timeanddate.com/). To
further explore seasonal patterns, the entire study period was
divided into the local city’s astronomical seasons as defined
by equinoxes and solstices (https://www.timeanddate.com/
calendar/seasons.html).

Statistical analysis

The generalized linear model (GLM) is a statistical modeling
approach that characterizes the dependent variable as a linear
combination of independent variables, incorporating an error
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term, and serves as a valuable tool for modeling the
correlation between a response variable and a set of
explanatory variables. In this study, GLM was applied to
analyze porpoise biosonar parameter patterns and their
correlation with the pandemic lockdown, boat traffic, water
level, water flux, diel, month, season, and year. No evidence
of collinearity was observed among the temporal factors
(pairwise linear correlation coefficient<0.2). Full-factorial eight-
way analysis of variance (ANOVA) was conducted using the
porpoise biosonar parameters as dependent variables, with
pandemic, boat traffic, water level, diel, month, season, and
year allocated as fixed factors, water flux allocated as a
covariate, and interaction terms included in the model. When
significant differences were found for either fixed factor (main
factor), post hoc multiple comparison tests were conducted
using Tukey’'s HSD (equal variances by Levene statistic,
P>0.05) or Tamhane’s T2 method (variances not equal by
Levene statistic, P<0.05). Interaction terms not reaching
significance were excluded from the final model. Subset data
of the biosonar parameters at night were extracted for analysis
of lunar patterns by one-way ANOVA when the datasets were
normally distributed (Kolmogorov-Smirnov test, P>0.05).
Alternatively, when not normally distributed (Kolmogorov-
Smirnov test, P<0.05), the Kruskal-Wallis test was used for
overall lunar pattern differences and further analyzed using
pairwise comparisons to determine how biosonar parameters
varied across different lunar periods where applicable
(Kruskal-Wallis test, P<0.05) (Zar, 1999). Spearman’s rho
correlation was employed to investigate the correlation
between porpoise biosonar detections and boat traffic
conditions. Data analysis was performed using SPSS v26.0
(IBM SPSS Statistics for Windows, USA) and Matlab R2018b
(Mathworks, USA), with the critical significance level (a)
defined as 0.05.

RESULTS

Passive acoustic monitoring was conducted between 19
January 2020 and 30 September 2022 in 12 trials ranging in
duration from 39 to 89 days (Table 1). The validation exercise
showed that the false positive detection rate for porpoise
biosonar was less than 0.1%. In total, 834 days with full 24 h
recordings were extracted for further analysis (Table 1;
Figure 2). Porpoise biosonar was detected on 773 days,
accounting for 93% of the total 834 analyzed days. Of the
analyzed 1 200 960 min, 45 684 min contained porpoise clicks
and 14 735 min contained buzzes, accounting for 3.80% and
1.23%, respectively (Figure 2). A combined total of 175 225
click trains, 2 146 756 porpoise clicks, and 39 563 porpoise
buzzes were detected (Table 1). Porpoise buzz signals
accounted for approximately 22.6% of all porpoise biosonar
click trains.

COVID-19 lockdown and boat traffic
The GLM results indicated that the COVID-19 lockdown was
significantly correlated with all four biosonar parameters
(Table 2; Figure 3A; Supplementary Tables S1-S3).
Specifically, porpoise biosonar activity (for all measured
parameters) during the lockdown period was significantly
higher than that during the non-lockdown period (Tamhane’s
T2 post hoc multiple comparison test; P<0.01) (Table 2;
Figure 3A).

Boat traffic was detected every day (Supplementary Figure
S1). The GLM results indicated that boat traffic was
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Table 1 Statement of acoustic monitoring time and porpoise biosonar and boat sonar detection results

No. days with porpoise No.

No. No.

Deploy date Retrieval ~ Analyzed sonar detection (daily porpoise  porpoise No. buzz - No. porpoise No. boat No. boat
date days positive rate, %) click DPM _click trains DPM buzzes clicks sonar DPM sonars
01/19/2020 03/17/2020 57 57 (100) 12719 45146 3699 8689 585701 377 1019
05/04/2020 07/09/2020 65 48 (74) 332 1276 52 133 14 444 167 373
07/26/2020 09/25/2020 60 46 (77) 2079 7715 398 778 83 345 163 470
09/28/2020 12/16/2020 78 77 (99) 5334 17 122 1411 4279 214443 979 2698
12/27/2020 03/13/2021 75 73 (97) 1800 5976 593 1616 75683 1467 5089
03/13/2021 06/03/2021 81 73 (90) 1094 2418 192 332 24 436 214 516
06/20/2021 08/24/2021 64 50 (78) 355 642 48 71 5977 389 1549
09/14/2021 11/28/2021 74 74 (100) 8674 37 906 2 840 7962 417960 898 2693
11/28/2021 02/24/2022 87 86 ((99) 4585 18 978 1695 4786 253342 1597 4633
03/18/2022 06/11/2022 84 84 (100) 2498 7014 1122 1998 81456 1118 3284
06/11/2022 08/23/2022 72 68 (94) 1670 8099 671 2014 87455 815 2 369
08/23/2022 09/30/2022 37 37 (100) 4 547 22933 2014 6905 302514 904 2484
Sum 834 773 (93) 45 687 175225 14735 39563 2146756 9088 27177

DPM: Detection positive minute. Daily positive rates were obtained by dividing the number of porpoise click-positive days by analyzed days.
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in this study. Solid black lines indicate start of dawn and end of dusk. Dashed broken lines indicate end of dawn and start of dusk. Line plots on top

of a and b denote diel pattern of porpoise DPRM and porpoise buzz DPRM, respectively, over the analyzed period. Line plot on right side of A and
B denotes summed porpoise click DPRM and porpoise buzz DPRM daily. DPM: Detection positive minute.

significantly correlated with all four biosonar parameters
(Table 2; Figure 3B; Supplementary Tables S1-S3).
Specifically, porpoise biosonar activity (for all measured
parameters) was significantly higher during the time without
boat traffic than that with boat traffic (Tamhane’s T2 post hoc
multiple comparison test; P<0.01) (Table 2; Figure 3B;
Supplementary Tables S1-S3). A significant correlation was
observed between porpoise and boat sonar detections
(Spearman’s rho, P<0.001, n=1 200 960) (Figure 4). Porpoise
click train detections were positively correlated with porpoise
buzz detections (Spearman’s rho, P<0.001, n=1 200 960). In
contrast, porpoise click train and buzz detections were
significantly negatively correlated with boat traffic (Spearman’s
rho, P<0.001, n=1200 960) (Figure 4).

Water level and flux

Periodic changes in local water level and water flux were
observed (Supplementary Figure S2). The GLM results
indicated that water level was significantly correlated with all
four biosonar parameters (Table 2; Figure 3C; Supplementary
Tables S1-S3). Both the number of porpoise click trains and
buzzes per minute differed significantly under different water
levels (Tamhane’s T2 post hoc multiple comparison test;
P<0.01). The numbers of porpoise click trains and buzzes per
minute were significantly higher in the WN transitional level
and dry level than in the other water levels (Tamhane’'s T2
post hoc multiple comparison test; P<0.01) (Table 2;
Figure 3C). The GLM results also indicated that water flux was
significantly correlated with all four biosonar parameters
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Table 2 Eight-way ANOVA of effects of eight parameters (pandemic, boat traffic, water level, water flux, diel, month, season, year) on

porpoise click detection-positive rate per minute

Source Type Il sum of squares df Mean square F P
Corrected model 4 057.57 185 21.93 660.22 0.00
Intercept 5.63 1 5.63 169.53 0.00
Pandemic 2.46 1 2.46 73.99 0.00
Boat traffic 7.89 1 7.89 237.61 0.00
Water level 1.74 4 0.44 13.10 0.00
Water flux 4.20 1 4.20 126.35 0.00
Diel 4.59 2 2.29 69.04 0.00
Month 31.61 11 2.87 86.51 0.00
Season 35.61 3 11.87 357.31 0.00
Year 11.07 2 558 166.59 0.00
Pandemicxboat traffic 5.00 1 5.00 150.35 0.00
Boat trafficxdiel 1.43 2 0.71 21.46 0.00
Boat trafficxmonth 3.18 1 0.29 8.69 0.00
Water levelxdiel 10.34 8 1.29 38.91 0.00
Water levelxmonth 20.55 15 1.37 41.24 0.00
Water levelxyear 0.50 7 0.07 2.14 0.04
Dielxmonth 225.53 22 10.25 308.59 0.00
Dielxseason 26.53 6 4.42 133.11 0.00
Dielxyear 1.63 4 0.41 12.23 0.00
Monthxseason 29.81 29.81 897.28 0.00
Monthxyear 138.48 13 10.65 320.64 0.00
Seasonxyear 186.70 6 31.12 936.68 0.00
Water levelxdielxmonth 114.38 40 2.86 86.08 0.00
Water levelxdielxyear 3.84 16 0.24 7.23 0.00
Dielxmonthxseason 16.39 2 8.19 246.62 0.00
Error 39 890.48 1200 774 0.03

Total 45 686.00 1200 960

Corrected total 43 948.05 1200 959

(Table 2; Supplementary Tables S1-S3).

Diel and lunar patterns

The GLM results indicated significant differences in diel
patterns in all four biosonar parameters (Table 2; Figure 3C;
Supplementary Figures S3-S8). In particular, porpoise click
DPRM, number of porpoise click trains per minute, porpoise
buzz DPRM, and number of porpoise buzzes per minute were
significantly higher at night than at twilight and daytime
(Tamhane’s T2 post hoc multiple comparison test; P<0.01)
(Table 2; Figures 3D, 5).

The Kolmogorov-Smirnov test indicated that the subset data
of biosonar parameters during the night period were non-
normally distributed (P<0.05), and thus nonparametric tests
were adopted to analyze the lunar patterns of porpoise
biosonar activity. Significant lunar patterns were detected in all
four biosonar parameters (Porpoise click DPRM: Kruskal-
Wallis x?=142.04, df=2, P<0.001; Number of porpoise click
trains per minute: Kruskal-Wallis x?=144.92, df=2, P<0.001;
Porpoise buzz DPRM: Kruskal-Wallis x?=114.27, df=2,
P<0.001; Number of porpoise buzzes per minute: Kruskal-
Wallis x>=115.1, df=2, P<0.001). Both porpoise click train
DPRM and number of porpoise click trains per minute were
significantly lower during the quarter moon period than during
the new and full moon periods (multiple comparison test;
P<0.01) (Figure 3E), whereas, both buzz DPRM and number
of buzzes per minute were significantly higher during the
quarter moon period than during the full and new moon
periods (multiple comparison test; P<0.01) (Figure 3E).
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Monthly, seasonal, and yearly patterns

The GLM results showed significant monthly differences in all
four biosonar parameters (Table 2; Figure 3C). Notably,
porpoise sonar activity across all parameters was significantly
higher in February and September than in the other months
(Tamhane’s T2 post hoc multiple comparison test; P<0.01)
(Table 2; Figure 3F).

The GLM results also showed significant seasonal
differences in the four biosonar parameters (Table 2;
Figure 3C), with porpoise activity showing a significant
increase from spring to winter across all parameters
(Tamhane’s T2 post hoc multiple comparison test; P<0.01)
(Table 2; Figure 3G).

The GLM results demonstrated significant annual
differences in the four biosonar parameters (Table 2;
Figure 3C). Notably, across all parameters, porpoise activity
was significantly higher in 2020 than in 2022 and 2021
(Tamhane’s T2 post hoc multiple comparison test; P<0.01)
(Table 2; Figure 3H).

Interaction effects

Analysis revealed significant interaction effects among
anthropogenic activity, hydrological regime, and light level with
respect to porpoise biosonar detections. Notably, significant
interaction effects were observed between pandemic
lockdown and boat traffic, boat traffic and different temporal
scales, and water level and different temporal scales on
porpoise biosonar detections, as well as between boat traffic
and the diel phase (Table 2; Supplementary Tables S1-S3). In
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contrast, no significant correlation was found between boat
traffic and water level, nor were the interaction effects of boat
traffic and water level on porpoise biosonar detections
significant (Spearman’s rho, P<0.001, n=1 200 960; Table 2;
Supplementary Tables S1-S3).

DISCUSSION

Conservation management typically focuses on protecting
wildlife habitats associated with key behavioral processes,
such as resting, socializing, breeding, birthing, and feeding,
while also minimizing possible anthropogenic impacts
(Reynolds Il et al.,, 2009; Wang et al., 2019, 2022, 2021c,
2014b). Knowing the timing and location of these vital
behavioral processes is essential for mitigating anthropogenic
impacts on endangered animal populations (Smith etal.,
2016).

The C-POD method is a highly practical odontocete click
monitoring approach (Carlén et al., 2018). In this study, of all
detected porpoise biosonar click trains, buzz signals
accounted for approximately 22.6%, comparable to that
previously reported in wild harbor porpoises in West Wales, in
which 27.3% of detected click trains were classified as buzz
signals (Nuuttila et al., 2013a).

Pandemic lockdown and boat traffic
COVID-19 lockdown created a widespread reduction in human
activity, including automobile and shipping traffic, leading to a
profound reduction in air and water noise pollution (Derryberry
et al., 2020; Loh et al., 2022; Thomson & Barclay, 2020). As a
result, wildlife sightings in urban areas showed a worldwide
increase (Loh etal., 2022). In this study, significantly higher
porpoise sonar detection was observed during the pandemic
lockdown period than during the non-lockdown period, with the
reduced anthropogenic activity proving beneficial for the
habitat use of local porpoises in the Poyang Lake junction
area.

Vessel disturbance has been shown to cause both short-
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term impacts on critical dolphin behaviors (Lusseau, 2003)
and disruption of dolphin habitat use through displacement
(Lusseau & Higham, 2004), as well as long-term
consequences on reproduction and population dynamics
(Bejder et al., 2006). In river systems, boat traffic represents a
major threat to dolphins, as observed for the Ganges River
dolphin (Platanista gangetica gangetica) in the Turag River in
Bangladesh (Baki etal., 2017), as well as the susu (P. g.
gangetica) and bhulan (P. g. minor), two river dolphins in
South Asia (Smith, 2002). The Yangtze River basin,
characterized by heavy and persistent navigation and
associated noise pollution, poses a significant threat to the
finless porpoise (Wang etal.,, 2020, 2021a, 2021b). The
findings of our study, indicating a significant negative
correlation between porpoise sonar detections and boat traffic,
are consistent with previous research conducted in the same
area in 2007 (Dong et al., 2012). Substantial efforts can be
made to reduce noise pollution by encouraging manufacturers
to develop quieter vehicles. Spatial and temporal restrictions
on vessel traffic, such as exclusion zones and speed limits,
could also lower the incidence of vessel collisions and reduce
the adverse effects of boat traffic on the viability of the local
porpoise population. It is important to note that the static
acoustic monitoring site in this study was located outside the
main navigation channel, and thus the detected boat traffic
flux and its impact on porpoises are likely underestimated. A
more focused investigation of boat traffic in the Poyang Lake
junction area is required to better understand the impact of
local boat traffic on porpoises.

Water level and flux

Water level variations can affect the amount and type of
aquatic habitats available to cetaceans and their prey
(McGuire & Aliaga-Rossel, 2010). Previous studies have
suggested that higher water levels may serve as the stimulus
for increased Ganges River dolphin detection in the Turag
River in Bangladesh from July to October, while reduced water



flux, combined with adverse water quality, may contribute to
the fewer dolphins encountered from December to July (Baki
etal., 2017). In contrast, this study observed a significantly
elevated rate of sonar detection for finless porpoises during
dry-level periods than in wet-level periods, as observed for
river dolphins boto (Inia geoffrensis geoffrensis) in Venezuela
and bufeo (I. g. boliviensis) in Bolivia, where detection was
higher during the falling water than rising water season
(McGuire & Aliaga-Rossel, 2010). We speculate that during
periods of high-water levels, the river basin widens, resulting
in a more dispersed distribution of porpoises and a reduced
detection rate in the wet season. Earlier preliminary studies
conducted between the two bridges in Poyang Lake
highlighted the impact of water flux on porpoise sonar
detection (Li et al., 2010). Furthermore, studies conducted in
the confluence area of Dongting Lake reported a strong
positive correlation between water level and flux and capture
abundance of migratory fish species (Liu et al., 2020). Flow
velocity is also reported to influence the distribution of finless
porpoises in Poyang Lake (Li etal., 2022). Atrtificial
modifications in hydrological conditions can result in isolation
between populations and a reduction in genetic variability
(Pavanato et al., 2016). Therefore, the construction of water
level control structures, such as hydraulic projects near
corridors, should be carefully evaluated (Fang et al., 2016).
Strong water flux in the barrage gate has been identified as a
migration barrier for the susu and bhulan (Smith, 2002). Thus,
maintaining local natural hydrological regimes is critical for
porpoise migration in river-lake corridors and the viability of
porpoise populations.

Diel and lunar patterns

In the Dongting Lake and Yangtze River junction, fish catches
are consistently higher at night than during the day throughout
the year (Liu etal, 2020). We speculate that a similar
phenomenon may occur in Poyang Lake, producing higher
porpoise sonar detections during the night.

Light levels, including daylight and moonlight, can impact
the activity of various predators in both terrestrial and marine
ecosystems (Bennie etal., 2014; Shaff & Baird, 2021). For
instance, tagged rough-toothed dolphins (Steno bredanensis)
exhibit their highest diving activity during dusk and night, while
their lowest activity occurs at dawn and during the day, with
the lunar phase further influencing diving patterns, leading to
deeper and longer dives with increasing illumination (Shaff &
Baird, 2021). Similarly, pantropical spotted dolphins (Stenella
attenuata) (Baird etal., 2001) and melon-headed whales
(Peponocephala electra) (West et al., 2018) in Hawaii display
deeper, faster, and longer dives at night. Short-finned pilot
whales (Globicephala macrorhynchus) around the main
Hawaiian islands also exhibit deeper and longer dives during a
full moon than during a new moon (Owen etal., 2019).
Pantropical spotted dolphins in the pelagic waters of the
eastern tropical Pacific Ocean travel more slowly but dive
deeper and longer at nighttime (Scott & Chivers, 2009).
Risso’s dolphins (Grampus griseus) in the Southern California
Bight also show a significant diel pattern in echolocation clicks
(Soldevilla et al., 2010). The diel movement patterns of prey,
such as the vertical migration of zooplankton, which descend
to deeper waters during the day to avoid visual predators and
ascend to shallower waters at night to feed, are considered
key factors for the diel activity of many marine predators
(Shaff & Baird, 2021; Storrie et al., 2022). The diel cycle of

animal behavior optimizes fithess by minimizing predation risk
while optimizing physiological performance and foraging
success (Benoit-Bird & Au, 2003; Papastamatiou et al., 2015).
In this study, the porpoise sonar detection rate was
significantly higher during the quarter moon phase than during
the full moon. In contrast, previous studies have reported that
the relative abundance of spinner dolphins (Stenella
longirostris) in Hawaii and dusky dolphins (Lagenorhynchus
obscurus) in New Zealand increases with increasing lunar
illumination (Benoit-Bird et al., 2009). Although the dolphin
response to the lunar phase is not yet clear, one possible
explanation is that zooplankton, which are vertical migrants,
tend to avoid the surface area during full moon periods (Pinot
& Jansa, 2001). Thus, vertical migration of prey targeted by
porpoises may also be suppressed, influencing their
distribution.

Monthly, seasonal, and yearly patterns

Significant seasonal variation in dolphin sonar detection
probability has also been observed in bottlenose dolphins in
Cardigan Bay, Wales, with significantly higher sonar detection
from June to August than from February to May (Nuuttila
et al., 2013b). In contrast, after a one-year acoustic monitoring
period in Cardigan Bay, previous research found that
bottlenose dolphins show a detection peak in April-October
and harbor porpoises show a detection peak in
October—March (Simon etal., 2010). In Bunbury, Western
Australia, the abundance of the Indo-Pacific bottlenose
dolphin (Tursiops aduncus) is consistently lower during winter
and higher during summer and autumn (Sprogis et al., 2018).
Here, we observed significant seasonal and annual patterns in
porpoise sonar activities. Notably, sonar detections were
higher during the lockdown period, suggesting the importance
of prolonged time recording, with data covering different
seasons and ideally a time span longer than three years for
analysis of habitat preference or identification of critical
habitats (e.g., migration corridor) for cetaceans, especially
endangered species (Van Parijs etal.,, 2009; Wang et al.,
2015b). Our observation of consistently higher porpoise sonar
detection in September during the three years of monitoring
suggests more active biosonar activity or a higher number of
porpoises in the region during that period, possibly linked to
local fish migration, which warrants further investigation.

Migration of porpoise in the corridor

Infrastructure for transportation and power-generation, such
as roads, bridges, and dams, can substantially influence
migratory species movements (Moore & Berejikian, 2022;
Shepard et al., 2008; Wilcove & Wikelski, 2008). For example,
the Hood Canal Bridge in the northern outlet of the Hood
Canal in Puget Sound, Washington (USA), interferes with
steelhead (Oncorhynchus spp.) migration, leading to
increased mortality (Moore et al., 2013; Moore & Berejikian,
2022). Similarly, construction of the John’s Pass Bridge in
Florida (USA) led to a significant decline in sighting
probabilities of female bottlenose dolphins (Weaver, 2015).
Furthermore, a previous towed acoustic survey conducted in
the Poyang Lake junction area found fewer porpoise
detections near the bridge compared to non-bridge areas
(Kimura etal., 2012). In the current study, although finless
porpoises were still observed between the two bridges,
indicating migration was not entirely blocked, the percentage
of time in which porpoise sonar was detected was extremely
low (approximately 3.80%), suggesting only temporary
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occupancy and that the bridge may act as a barrier to local
porpoises, albeit with the possibility of small-scale river-lake
migration.

Cetaceans have been observed to congregate in areas
where water flows intersect. River dolphins in South Asia,
such as the susu and bhulan, frequently occur in convergence
areas (Smith, 2002). Confluences and small tributaries in the
Amazon and Orinoco are critical habitats for the river dolphins
boto and bufeo, as revealed by satellite tracking data
(Mosquera-Guerra etal., 2018). The finless porpoise was
once commonly observed in the convergence area of the
Wanhe River, Yangtze River, Dongting Lake, and Poyang
Lake (Wei etal.,, 2003; Zhang et al., 1993, 2015). Notably,
high prey biomass and availability have been observed in the
confluence areas of the Yangtze River (Zhang et al., 1993,
2015).

The joint areas between the Yangtze River and lakes, such
as the confluence areas of Dongting Lake and Poyang Lake,
serve as critical corridors for river-lake migration of fish
species (Ru & Liu, 2013). Dominant fish in the Poyang Lake
junction area include resident species, such as common carp
(Cyprinus carpio), crucian carp (Carassius auratus), sharp
belly (Hemiculter leucisculus), and short jaw anchovy (Coilia
brachygnathus), and river-lake migration species, such as
silver carp (Hypophthalmichthys molitrix) and bighead carp
(Aristichthys nobilis) (Hu et al., 2011; Wang et al., 2016). The
migratory fish species tend to migrate from the Yangtze River
to the lakes during autumn and winter and vice versa during
spring and summer (Liu et al., 2019, 2020; Wang et al., 2016),
and account for more than 10% of local fish diversity and
harvest (Hu etal., 2011; Wang etal., 2016). Fish are the
primary prey item of finless porpoises and prey availability is a
crucial factor in their habitat use (Kimura et al., 2012; Wang
etal., 2015a, 2014a). In 2021, the Chinese Government
implemented an emergency 10 year ban on fishing across the
entire Yangtze River Basin, alleviating prey availability
pressure, with the most recent survey indicating that the free-
ranging Yangtze finless porpoise population has increased
from 1012 in 2017 to 1 249 in 2022.

Retention of gene flow among fragmented habitat patches is
vital for the sustainability of populations sensitive to inbreeding
(Keller & Waller, 2002). Small isolated populations often suffer
reduced fitness from inbreeding depression due to increased
homozygosity of strongly deleterious recessive mutations
(Robinson et al., 2019). Migrants from adjacent populations
and dispersal among populations are critical for population
viability (Manlik et al., 2019; Wilcove & Wikelski, 2008), and
protecting migration corridors that connect these habitats is
vital for their conservation (Geijer & Jones, 2015). The
maximum detection range of C-POD for bottlenose dolphins
and harbor porpoises is approximately 1 512 m (range:
1 272-1 779 m) and 500 m, respectively (Nuuttila et al.,
2013a, 2013b). The single hydrophone device used in this
study precludes robust conclusions regarding the migration of
porpoises in this area. Thus, further research on the migration
of porpoises using an array of detectors, such as hydrophone
arrays, over a larger spatial area and possible animal tagging
should help increase our understanding of overall movement
ecology and provide greater insight into habitat use.

Conservation and management implications

In contrast to other forms of environmental pollution, such as
the oil spill in Barataria Bay, Louisiana (USA), which continues
to cause persistent adverse effects in common bottlenose

928 www.zoores.ac.cn

dolphins 18 years after exposure, including chronic disease,
impaired stress response and reproduction, and increased
mortality (Schwacke etal., 2022), noise pollution generally
leaves no lasting traces once the source of pollution is
removed. However, prolonged exposure may lead to enduring
changes in physiological and cognitive traits (Schwacke et al.,
2022). Therefore, implementing mitigation measures against
noise pollution could yield immediate beneficial effects for
wildlife (Halfwerk, 2020). For example, the songs of white-
crowned sparrows (Zonotrichia leucophrys) in the San
Francisco Bay area (USA) immediately changed in response
to the substantially reduced noise level during the COVID-19
shutdown, resulting in increased acoustic signal efficacy and
salience (Derryberry et al., 2020). In our study, the temporary
pandemic lockdown immediately increased porpoise biosonar
behavior, providing policy-makers with a potential solution to
mitigate the detrimental effects of noise pollution by reducing
exposure during critical life cycle stages, such as migration or
feeding. The ecological navigation speed of ships and
ecological flow in confluence areas should also be
investigated. The seasonal control of bridge speed and traffic
flow, or even temporary traffic prohibitions, during porpoise
migration and feeding also warrant further investigation.

CONCLUSIONS

Migrants from adjacent populations are critical for cetacean
population viability. The Yangtze River and Poyang Lake
junction area serves as the sole corridor for the local river-lake
migration of the Yangtze finless porpoise. Through passive
acoustic monitoring, our study revealed the impact of
anthropogenic activities and environmental variables on the
diel, lunar, seasonal, and annual biosonar activity patterns of
porpoises in the Poyang Lake junction area. The detection of
porpoises for relatively short and concise periods on most
days suggests that small-scale river-lake migration may still
exist. Furthermore, the significantly higher porpoise sonar
activity observed during the pandemic lockdown period
indicates that mitigation measures against noise pollution
could immediately benefit this species. The negative
correlation between porpoise click train and buzz detections
and boat traffic underscores the importance of implementing
vessel speed restrictions during critical stages of the porpoise
life cycle, such as migration and feeding. The hydrological
regime also influenced porpoise biosonar activity,
emphasizing the importance of maintaining local hydrological
conditions in this river-lake corridor for porpoise migrants. This
study provides a foundation for future work on porpoise
migration in this unique corridor and for guiding better
management of natural resources and conservation of the
endemic finless porpoise.
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