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Simple Summary: Fish larvae and juveniles are necessary fishery recruitment resources. As climate
change and natural climate events continue to impact marine ecology, it may become difficult to
determine the characteristics of changes in fish larvae and juveniles. Using samples and data from
long-term marine experimental monitoring, we found a high diversity of fish larvae and juveniles in
the waters around Taiwan, and the abundance of different fish species varied spatially and seasonally.
We also found that distance from the coastline and topography were the key factors affecting the
community of fish larvae and juveniles. By presenting these data as times series, we confirmed that
2009 was a critical year for regime change between fish larvae and juveniles in different depth zones.
The year also happened to include Taiwan’s worst typhoon on record. These results emphasize the
need to conduct more detailed research to prevent predictable and unpredictable shocks.

Abstract: Taiwan is located at the intersection of tropical and subtropical islands in the western Pacific
Ocean. This area is an important spawning and breeding ground for many economic and noneco-
nomic species; however, little is known about the long-term dynamics of fish larvae and juveniles in
these waters. In this study, we conducted an in-depth exploration of their spatial characteristics using
2007–2019 field survey samples. Our results demonstrated the seasonality and spatiality of the larvae
and juveniles of different fish species. We also found that the continental shelf and offshore distance
were key factors affecting fish larvae and juveniles. Changes in community structure were temporally
correlated with the extreme rainfall of Typhoon Morakot (the worst typhoon ever recorded in Taiwan).
These data can be used as a management reference for fisheries’ policymaking and provide key
insights into nearby marine ecosystems and the early life history of fish.

Keywords: climate change; fishery; ORI net; early life history; ecosystem dynamics; extreme rainfall; Morakot

1. Introduction

Understanding the early life history of fish is vital to resource research because this
period is a crucial determinant before resources are recruited to the fishery [1]. When early
life history is affected by environmental changes, fluctuations in fishery resources may re-
sult [2,3] and lead to future additions to fish stocks [4,5]. Changes in environmental factors,
such as temperature, salinity, the abundance of prey organisms, competition, and ocean
current transport, affect the abundance and distribution of fish larvae and juveniles [6–8].
Therefore, it is highly important for fishery resource management to conduct related re-
search on fish larvae and juveniles in the surrounding waters.

Previous studies performed in the Taiwan Strait explored the impact of the monsoon
system on aggregations of fish larvae and juveniles [9–11]. For example, Hsieh et al. [12]
discussed the composition and distribution of fish larvae and juveniles in the waters around
Taiwan in winter. Chen et al. [13] analyzed the composition of fish larvae and juveniles in
the East China Sea and the waters around Taiwan in winter, and Wang et al. [14] conducted a
related study on fish larvae and juveniles and the hydrological environment in the invasion
area of the Kuroshio Current in the southern East China Sea, northern Taiwan.
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The Kuroshio Current is the main route of spawning migration for many species [15].
In addition, the mixing of this current with the areas along boundary currents produces
higher-quality habitats for organisms; thus, the waters surrounding Taiwan are a vital
fishing ground and one of the most biodiverse regions worldwide [16]. In high-biodiversity
regions, environmental changes and changes in the structure of biological communities are
the key factors affecting changes in organismal abundance [17]. Changes in prey organisms
will affect the growth and survival of fish in their early life stages [17,18]. For example,
zooplankton are essential prey in the early life stage of fish. Studies have shown that
a change in the plankton community with increasing water temperature will reduce the
survival probability of economic fish species [19,20]. When the amount of prey is insufficient
to support fish growth, the growth rate of fish will slow [21,22]. The Kuroshio region and
its surrounding waters are home to surface fishes [15,23,24], mesopelagic fishes [25,26], and
ground-dwelling fishes [27], and these areas are essential spawning and nursery grounds.
Most fish exhibit a planktonic period in the early life stage, as this characteristic ensures
that a species has sufficient prey and can spread to more areas, increasing the chances
of survival and population sustainability [6]. In the relatively warm and nutrient-poor
waters of the Kuroshio area, environmental changes may impact the entire ecosystem as
well as the production chain of fisheries and thereby severely impact aquatic production in
neighboring countries.

Many studies have shown that as global warming intensifies, the Kuroshio Current
is accelerating the warming process [28,29]. In recent years, studies have revealed that
climate change affects ocean current intensity [30]. The Kuroshio Current is strongly af-
fected by short-term climatic events (e.g., the Pacific Decadal Oscillation (PDO) or the
El Niño–Southern Oscillation (ENSO)) [31–35]; these phenomena and warming lead to
changes in the path of the current [36], which in turn affects zooplankton communities
and the entire ecosystem [37,38]. Previous studies have shown that changes in the aggre-
gation and distribution of fish larvae and juveniles are strategies that alter spawning and
habitat selection under various conditions [39–41]. The depth and stratified thermohaline
properties of seawater determine the time and location of spawning [42]. Additionally, fish
foraging and production conditions will change with alterations in the marine environ-
ment [43]. Brood stocks will select a suitable spawning ground with low mortality of fish
larvae and juveniles [44]. Some changes in the physical environment along the coast and
in inshore regions have been confirmed to affect fish larvae and juveniles. For example,
ocean currents, rivers, oceans, tides, or terrain can result in internal waves or upwelling
that alters characteristics such as larval swarming and growth; thus, these processes further
affect the distribution of fish larvae and juveniles [13,45,46].

There is considerable uncertainty in estimating the dynamics of fishery resources
based on short-term or limited-year data. However, past studies and investigations of
fish larvae and juveniles in Taiwan considered sampling stations in different locations
mainly due to different voyages or were restricted by the lack of long-term observational
data. As a result, it has been impossible to systematically describe the abundance and
distribution of seasonal changes in larvae and juveniles of important economic fish in the
surrounding waters.

The Taiwan Fisheries Research Institute built the 1948-ton Fishery Researcher Vessel 1
and 345-ton Fishery Researcher Vessel 2 in 1993 and 2013, respectively. The two vessels are
used to investigate fishing environments and fishery resources in coastal areas. To establish
long-term and systematic marine environmental observation datasets to understand the
temporal and spatial distributions of fish larvae and juveniles in the waters around Taiwan,
this study carried out 19 voyages in the surrounding waters from 2007 to 2019 using the
two fishery research vessels. Samples of fish larvae and juveniles from the surrounding
waters were collected from 62 stations to explore their ecological distribution and the main
marine environmental factors affecting changes in abundance; additionally, these samples
were used to understand their early life history characteristics and thus serve as a reference
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for fishery resource assessment and management. The specific goals of this research were
as follows:

1. To identify the occurrence probability of primary fish larvae and juveniles in different
regions and seasons in the waters around Taiwan.

2. To identify the main population structure divisions of important fish larvae and
juveniles in Taiwan’s waters.

3. To explore the temporal and spatial composition of fish larvae and juveniles in the
pelagic, mesopelagic, and demersal zones.

2. Materials and Methods
2.1. Data Collection

For this study, two research vessels, Fishery Researcher Vessel 1 and Fishery Researcher
Vessel 2 of the Taiwan Fisheries Research Institute, conducted 19 voyages from 2007 to 2019
to collect fish larval and juvenile samples and hydrological data from 62 stations. According
to the month of operation, each collected sample was categorized as occurring in one of the
four seasons: March, April, and May were categorized as spring; June, July, and August
were categorized as summer; September, October, and November were categorized as fall;
and December, January, and February were categorized as winter. The depth distribution
partitioning scheme is shown in Figure 1. The actual experimental location deviates from
each station’s raw latitude and longitude because the research vessel continued to move
during the experiment. Therefore, zooplankton collection was performed first at each
station, and care was taken to minimize spatial differences in the collections. For the
convenience of analysis, we assumed that the fish larvae and juveniles at the experimental
site are the same as those at the original station and use the raw latitude and longitude
for each collection. An Ocean Research Institute (ORI) net [47] was used as a plankton net
(160 cm in diameter, 6 m in length, with 330-µm mesh) and trawled diagonally upward
from the target depth. The target depth of the net was set at 200 m. The depth of the
ORI net was controlled according to the speed of the vessel and the angle of the steel
wire attached to the net, and both factors were constantly monitored and adjusted. If the
water depth of the station was less than 200 m, the actual depth was determined to be 5 m
above the maximum depth; after the depth was set, the net was towed obliquely from the
desired depth toward the water surface while the boat moved at a speed of 1 m/s. For
safety reasons, we required a certain speed during actual operation to prevent the net from
being pulled into the bottom of the boat. While the net was in the water, we constantly
checked that the angle of the wire was maintained at 45 degrees to ensure the correct depth
of the net. A one-way clutch mechanical flowmeter (Model 2030RC, General Oceanics
Inc., Miami, FL, USA) was attached to the mesh port to calculate the total filtered water
volume of the mesh for each sampling. The obtained samples were washed repeatedly
with seawater to flush organisms into a bottle placed at the bottom of the net for collection;
then, the biological samples were put into the sample bottle. The samples were preserved
in a 5% formalin-seawater solution and taken to the laboratory for biomass determination
and classification.

2.2. Classification and Identification

The zooplankton samples collected with the plankton net were brought back to the
laboratory and then uniformly and randomly divided into two subsamples with a Folsom
Plankton Sample Splitter [48]; all the fish larvae and juveniles in one of the subsamples
were selected and placed under a dissecting microscope for classification and counting. The
identification of fish larvae and juveniles were mainly identified according to the works of
Mododa [48], Okiyama [49], and Chiu [50]. We also confirmed the growth stage of the fish
body on the basis of Leis and Rennis [51] and Kendall Jr. [52]. The fish larval and juvenile
abundance (ind./1000 m3) was converted by multiplying the number of individuals in
the subsample by two and dividing by the filtered water volume of the plankton net. The
depth zones of different fish species are listed according to the classification methods of
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Sassa and Konishi [25] and Chen, Chen, Wang and Lee [13]. A total of 38 species of larval
and juvenile fish are frequently caught in the waters around Taiwan, and these species
accounted for 70% of the samples collected in this study. The different depth zones and
codes are detailed in Table 1.
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Figure 1. Study areas: (a) Taiwan’s location on a world map. (b) The study area includes stations
(black points) and sea areas (separated by solid black lines and marked with red numbers in white cir-
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and bathymetry. The areas were defined as follows: the northwestern (area 1), northeastern (area 2),
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Table 1. Codes and habitat depth zones of 38 major species of fish (larvae and juveniles) in the waters
around Taiwan from 2007 to 2019. The depth zones of different fish species are listed according to the
classification methods of Sassa and Konishi [25] and Chen, Chen, Wang and Lee [13].

No Family Species Code Depth Zone

1 Carangidae Trachurus japonicus Traj pelagic

2 Engraulidae Engraulis japonicus Ej pelagic

3 Trichiuridae Trichiurus spp. Tril pelagic

4 Acropomatidae Synagrops spp. Sy pelagic

5 Scombridae Auxis spp. Au pelagic

6 Carangidae Decapterus macrosoma Dea pelagic

7 Bramidae spp. Br pelagic

8 Gempylidae spp. Ge pelagic

9 Carangidae Decapterus spp. Dex pelagic

10 Carangidae Decapterus maruadsi Deb pelagic

11 Mugilidae spp. Mu pelagic

12 Clupeidae spp. Cl pelagic

13 Myctophidae Benthosema pterotum Bp mesopelagic

14 Myctophidae Ceratoscopelus warmingi Cw mesopelagic

15 Gonostomatidae Cyclothone alba Cy mesopelagic
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Table 1. Cont.

No Family Species Code Depth Zone

16 Paralepididae Lestrolepis spp. Lr mesopelagic

17 Gonostomatidae Vinciguerria nimbaria Vn mesopelagic

18 Myctophidae Myctophum orientale Mor mesopelagic

19 Myctophidae Hygophum proximum Hp mesopelagic

20 Stomiidae Stomias nebulosus Sn mesopelagic

21 Myctophidae Lampanyctus spp. Lam mesopelagic

22 Bregmacerotidae Bregmaceros spp. Bj mesopelagic

23 Myctophidae spp. My mesopelagic

24 Myctophidae Diaphus A group Dia mesopelagic

25 Myctophidae Diaphus B group Dib mesopelagic

26 Serranidae spp. Se mesopelagic

27 Gonostomatidae Sigmops gracilis Sg mesopelagic

28 Synodontidae Trachinocephalus myops Tr demersal

29 Notosudidae spp. No demersal

30 Apogonidae spp. Ap demersal

31 Labridae spp. Lab demersal

32 Callionymidae spp. Ca demersal

33 Paralepididae Lestidium Li demersal

34 Bothidae spp. Bo demersal

35 Scorpaenidae spp. Sco demersal

36 Leiognathidae spp. Lei demersal

37 Gobiidae spp. Go demersal

38 Sciaenidae spp. Sci demersal

2.3. Analysis of the Occurrence Probability of Fish Larvae and Juveniles at the Species Level

In this study, according to different seabed topographies and regions, the waters
around Taiwan were divided into the northwest, northeast, southeast, south, southwest,
and Penghu regions (Figure 1). Fish larvae and juveniles were classified according to the
geography of the catch areas, and seasons were classified according to catch time. The
occurrence probability of each species in a given depth zone was calculated as follows:

Pij =
Nij

Ni

where Pij represents the probability of catching fish i, j is one of the six areas defined as
previously mentioned, Ni represents the total catch of fish i, and Nij represents the catch of
fish i in area j. Additionally, the occurrence probability of each species in a given season
was calculated as follows:

Pik =
Nik
Ni

where Pik represents the probability of catching fish i in season k, Ni represents the total
catch of fish i, and Nik represents the catch of fish i in season k.

2.4. Cluster Analysis

Based on previous studies on the importance of economic fish species reproducing
in the waters around Taiwan in spring [53], spring was selected as the season for which
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to conduct the cluster analysis of the composition of fish larvae and juveniles. Statistical
programming was performed using the R statistical program version x64 4.1.1 [54]. The
analysis, as mentioned above, uses k-means clustering on the mean catch of each species
for each season [55]; this method calculates the similarity between fish larvae and juveniles
based on the compositional characteristics of each station and then groups them accordingly.
In addition, because the grouping method must specify the number of groups ahead of
time, the elbow method [56] was used to sequentially calculate the sum of the variation in
all groups from 1 to n and plot the XY distribution line graph with the sum of the variation
and the number of clusters. The turning point where the XY distribution line exhibited
significant variation, which was considered the optimal number of clusters, was identified
by the cluster command in the “Cluster” package [57] in the R statistical program.

2.5. Analysis of Temporal and Spatial Compositional Changes in Fish Larvae and Juveniles in
Different Habitat Depth Zones

Temporal and spatial data on fish larvae and juveniles to calculate their temporal and
spatial composition variation characteristics. The formula for the analysis of the spatial
variation characteristics is as follows:

Pxyz =
∑ Nxyz

∑ FWVxy
× 2 × 1000

where Pxyz represents the average probability of occurrence in the space where longitude
equals x, latitude equals y, and depth zone equals z; ∑ FWVxy represents the total filtered
water volume in this space during the study period in m3; and ∑ Nxyz represents the depth
zone of the species. We multiplied by two to restore the segmentation of zooplankton
and multiplied by 1000 to unify these data with the fish larval and juvenile abundance
(ind./1000 m3).

The formula for the analysis of time series characteristics is as follows:

Pxyt =
∑ Nxyt

∑ FWVxy
× 2 × 1000

The algebraic concept is consistent with the previous formula, where xy represents the
space and is modified to t, which represents the year.

3. Results

Photographs of the top three catches of fish species (larvae and juveniles) from three
different depth zones (pelagic, mesopelagic, and demersal) in this study are shown in
Figure 2. Differences in the occurrence probability of fish larvae and juveniles according to
geographic region and season were observed. By analyzing the probability of occurrence of
fish larvae and juveniles in different geographic regions over time, we found that individual
fish species had different spatial distributions and that most species were present in all
sea areas. A small number of fish species frequently appeared in specific sea areas. For
example, larvae and juveniles of the mullet (Mugil cephalus), which spawns in southwestern
waters, have a significantly higher probability of occurrence in southwestern waters than in
other areas. Another example is Traj (Trachurus japonicus). Although Traj is the main target
of net fishing in northeastern waters, its larvae and juveniles were mainly found on the
northwestern shelf, which serves as a nursery area. Figure 3 shows the catch rate of each
fish species in the above sea areas.
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Figure 2. Photographs of the top three catches of fish species (larvae and juveniles) from three
different depth zones (pelagic, mesopelagic, and demersal) in this study (around Taiwan from 2007
to 2019): (a) Engraulis japonicus (top catch in the pelagic zone); (b) Decapterus spp. (2nd highest catch
in the pelagic zone); (c) Trichiurus spp. (3rd highest catch in the pelagic zone); (d) Diaphus B group
(top catch in the mesopelagic zone); (e) Bregmaceros spp. (2nd highest catch in the mesopelagic zone);
(f) Vinciguerria nimbaria (3rd highest catch in the mesopelagic zone); (g) Gobiidae spp. (top catch in
the demersal zone); (h) Labridae spp. (2nd highest catch in the demersal zone); and (i) Bothidae spp.
(3rd highest catch in the demersal zone).
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Figure 3. Stacked bar chart of the catch rates of various fish species according to collection area in
the waters around Taiwan (2007–2019). The fish codes are defined as follows: Trachurus japonicus
as Traj, Engraulis japonicus as Ej, Trichiurus spp. as Tril, Synagrops spp. as Sy, Auxis spp. as Au,
Decapterus macrosoma as Dea, Bramidae spp. as Br, Gempylidae spp. as Ge, Decapterus spp. as Dex,
Decapterus maruadsi as Deb, Mugilidae spp. as Mu, Clupeidae spp. as Cl, Benthosema pterotum as Bp,
Ceratoscopelus warmingi as Cw, Cyclothone alba as Cy, Lestrolepis spp. as Lr, Vinciguerria nimbaria as
Vn, Myctophum orientale as Mor, Hygophum proximum as Hp, Stomias nebulosus as Sn, Lampanyctus
spp. as Lam, Bregmaceros spp. as Bj, Myctophidae spp. as My, Diaphus A group as Dia, Diaphus B
group as Dib, Serranidae spp. as Se, Sigmops gracilis as Sg, Trachinocephalus myops as Tr, Notosudidae
spp. as No, Apogonidae spp. as Ap, Labridae spp. as Lab, Callionymidae spp. as Ca, Lestidium as Li,
Bothidae spp. as Bo, Scorpaenidae spp. as Sco, Leiognathidae spp. as Lei, Gobiidae spp. as Go, and
Sciaenidae spp. as Sci.
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In addition to spatial probability, the temporal probability of fish occurrence in differ-
ent seasons was also analyzed. The study results showed that winter and spring had the
highest numbers of larval and juvenile fish of a variety of species, and the probability of
occurrence in winter and spring for most species was over 50%. As displayed in Figure 4,
the larvae and juveniles of Notosudidae spp. (No), Sigmops gracilis (Sg), and Mugilidae
spp. (Mu) mainly appeared in winter, among which Mu was the most abundant; these
species relocated to other areas through ocean currents or migrated in other seasons. We
also found that larvae and juveniles of Decapterus macrosoma (Dea), Decapterus maruadsi
(Deb), and Decapterus spp. (Dex) were primarily seen in spring, while those of Trachurus
japonicus (Traj), which are similar in appearance, mostly appeared in winter or summer.
Auxis spp. (Au), Dea, and Traj were not found in autumn.
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Figure 4. Analytical results of the occurrence probability of larvae and juveniles of individual fish
species in different seasons around Taiwan (2007–2019). The fish codes are defined as follows:
Trachurus japonicus as Traj, Engraulis japonicus as Ej, Trichiurus spp. as Tril, Synagrops spp. as Sy, Auxis
spp. as Au, Decapterus macrosoma as Dea, Bramidae spp. as Br, Gempylidae spp. as Ge, Decapterus spp.
as Dex, Decapterus maruadsi as Deb, Mugilidae spp. as Mu, Clupeidae spp. as Cl, Benthosema pterotum
as Bp, Ceratoscopelus warmingi as Cw, Cyclothone alba as Cy, Lestrolepis spp. as Lr, Vinciguerria nimbaria
as Vn, Myctophum orientale as Mor, Hygophum proximum as Hp, Stomias nebulosus as Sn, Lampanyctus
spp. as Lam, Bregmaceros spp. as Bj, Myctophidae spp. as My, Diaphus A group as Dia, Diaphus B
group as Dib, Serranidae spp. as Se, Sigmops gracilis as Sg, Trachinocephalus myops as Tr, Notosudidae
spp. as No, Apogonidae spp. as Ap, Labridae spp. as Lab, Callionymidae spp. as Ca, Lestidium as Li,
Bothidae spp. as Bo, Scorpaenidae spp. as Sco, Leiognathidae spp. as Lei, Gobiidae spp. as Go, and
Sciaenidae spp. as Sci.

3.1. Cluster Analysis of Fish Larvae and Juveniles

The composition of fish larvae and juveniles in spring was analyzed over time, and
cluster analysis was performed on the composition data. Some of the results regarding the
suggested number of clusters are shown in Figure 5. The model suggested that the stations
should be divided into three groups (Figure 6). After the number of clusters was set to
three, it was found that the three station clusters exhibited two-dimensional variation, with
the first principal component accounting for 22.5% of the variation and the second principal
component accounting for 9.9%. By overlaying the results on the map, we found that the
first group (red) was mainly distributed in the northwestern continental shelf area, the
second group was distributed in the area outside the continental shelf, and the third group
was scattered in the area outside the continental shelf. The results showed that the primary
principal component, which grouped stations based on different compositions of fish larvae
and juveniles represented the difference between areas on and off the continental shelf.
In addition, there was a sporadic third group of stations in the noncontinental shelf area.
These stations were found in the offshore area of the eastern sea and at the 26th station,
areas through which the Kuroshio Current or its tributaries passed (Figure 7).
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Figure 5. The optimal number of clusters for the analysis of fish larvae and juveniles in the waters
around Taiwan from 2007 to 2019. The dotted line indicates the optimal number of clusters, which is
located at the point where the number of clusters (x-axis) corresponds to the largest average silhouette
width (y-axis).
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3.2. Temporal and Spatial Variation in Fish Larval and Juvenile Abundances in Different Depth Zones

The study revealed significant spatial differences in the abundance of larval and
juvenile pelagic fish. The abundance of fish larvae and juveniles was higher from the
northwestern (Figure 1b area 1) shelf area to the Penghu island region (Figure 1b area 6),
and the southwestern (Figure 1b area 5) and northeastern (Figure 1b area 2) seas also
exhibited higher abundances. Regarding fish species composition, there were higher
proportions of larval and juvenile pelagic fish at several stations in the northwest (Figure 1b
area 1) and southeast (Figure 1b area 3), while in other areas, species from all three depth
zones exhibited relatively even proportions. Stations near Green Island had a higher
proportion of mesopelagic larval and juvenile fish species (Figure 8).
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Figure 8. Spatial distribution of the abundance of fish larvae and juveniles in the pelagic, mesopelagic,
and demersal zones in the waters around Taiwan between 2007 and 2019.

According to the time-series variation analysis, the abundances of fish larvae and
juveniles in these three different depth zones were relatively even from 2007 to 2008,
ranging from 2.1 to 3.5. Since 2009, the abundances of species in all three layers have
increased significantly, with pelagic, mesopelagic, and demersal abundances of 9.5, 4.4, and
7.0, respectively, which are far greater than the abundances in the previous two years. In
2009, pelagic species increased to become the most abundant in all depth zones. In 2012,
2015, and 2017, the abundance of pelagic species exceeded 10, remaining high. In contrast,
the demersal zone had the lowest species abundance among the three zones from 2010 to
2015, and only in 2016 did the abundance in this zone surpass that in the mesopelagic zone
to rank second (Figure 9).
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4. Discussion

Taiwan is located at the intersection of the tropics and subtropics of the western Pacific
Ocean and is rich in biodiversity; here, 298 fish families have been discovered [58]. The fish
larvae and juveniles captured in this study included 161 families, of which the 38 families
with the highest abundance were representative and used in the final analysis. The families
of the 38 most common species covered in this study significantly contribute to Taiwan’s
fisheries economy. Their early-life abundance is closely related to the recruitment of fishery
resources and requires continuous monitoring by scientists [53].

This study showed that fish larvae and juveniles were highly abundant in the waters
of northwestern Taiwan (Figure 8). Past studies have also found a high abundance of fish
larvae and juveniles, including anchovy stocks (Engraulis japonicus, Encrasicholina punctifer,
and Encrasicholina heteroloba), near the estuary in this region, resulting in the establishment
of a local anchovy fishery [59]. Anchovy fisheries result in bycatch of some economic fish
larvae and juveniles in summer. Therefore, the local government has expressly stipulated
that the anchovy fishery remain closed from 15 June to 14 September every year to avoid
mixed catches. This management direction highlights the importance of spatial (Figure 3)
and seasonal (Figure 4) studies for endemic fisheries research. For example, if a fish stock is
overfished and needs protection, samples such as those collected in this study can clearly
reveal the spatiotemporal characteristics of its early life history, which can serve as an
essential reference for fisheries management.

In this study, distinct subgroups of fish larval and juvenile community were identified
by cluster analysis. The two most important subgroups were located in the continental
shelf area and the deep-sea area. The third subgroup was scattered in the deep-sea area.
This result may be caused by the following reasons. First, different ecosystems have
different biodiversity levels, and the services that these ecosystems provide also differ [60].
Similarly, fish reproduction is naturally variable, and the selection of spawning areas
differs according to different evolutionary pressures in individual fish species [39,40,42].
Second, the predators and prey in the two regions differ. In addition, the environmental
variables, such as currents, water quality, and temperature changes, were very different.
The probability of the survival of individual fish species may drive the differences in the
abundance and diversity of larvae and juveniles in the two locations [44]. The third cluster
in this study was sporadically distributed throughout the nonshelf area, and there was
not much correlation between stations. However, we identified two commonalities. First,
these stations were distributed in areas where the Kuroshio Current flows. Second, these
stations were farther from land. Additionally, the third cluster was distributed in areas that
experience regular monsoons (northeastern and southwestern waters). The main reason for
this result may be related to monsoon-driven ocean currents in the waters around Taiwan.
For example, a study by Hsieh et al. [61] revealed that some fish species in northeastern
waters are driven into the Taiwan Strait by monsoons. Hsieh, Lo, and Wu [11] also found
that monsoons could affect the Kuroshio tributaries and cause fish larvae and juveniles
to spread from the Pacific Ocean into nutrient-rich areas along the southwestern coast.
This phenomenon means that the region is unable to maintain a stable state at any time
and is therefore statistically independent, as indicated by its principal components. This
study divided the ocean into three regions along the coast of Taiwan; these divisions can be
used for further research to explore individual characteristics. If a study includes regions
in the third cluster, researchers should consider the possible impact of other factors (e.g.,
monsoons) on this region.

By analyzing the temporal changes in the abundance of larvae and juveniles at different
depths, we found that the abundances of species at the three different depths, which were
relatively even before 2008, have undergone dramatic changes since 2009. A significant
increase in abundance was not found in previous studies, but the catch of Taiwan’s coastal
fisheries reached a new high in 2018, which may be related to our finding. Regarding the
possible explanation for the increase in the abundance of pelagic species since 2009, we
suspect that abundance is density-dependent.
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This inference of density dependence is based on data collected during a natural
disaster in Taiwan in 2009. One of the deadliest typhoons in Taiwan’s history, Typhoon
Morakot, struck Taiwan in 2009 [62], resulting in a 4-day rainfall total of 2777 mm, strong
storm surges, and sea surface waves in the waters around Taiwan [63]. While studies
have shown that such tropical depressions significantly affect upwelling enhancement [64],
storms have destroyed entire villages due to landslides [65], which also led to the overturn
of a large area of coral reefs on the seafloor, with the coral coverage decreasing sharply
from 32.72% to 5.39%; other algae filled the places where corals originally grew [66]. Thus,
the ecological environment of demersal species was likely significantly affected. Moreover,
some of the nutrients may have shifted from the demersal to the pelagic zone.

From 2010 onward, we observed markedly different responses to the disruption in
species in the three different zones. Compared to highly migratory pelagic species (such
as mackerel and tuna) that have high growth and reproductive rates, demersal fish are
mostly sedentary K-selection species and exhibit slow growth, a long lifespan, and a low
reproductive rate [67], which may be even more disadvantageous in extreme climates.

Past research has shown that warming affects pelagic fish much more than demersal
fish [68] and that demersal fish are more adaptable than pelagic fish to climate change [69].
However, climate changes, including warming, may pose problems not only due to in-
creasing water temperatures but also due to the consequent increase in the probability of
extreme climatic events that may impact benthic ecosystems, which merits further atten-
tion [20,70,71]. Because demersal fishes are not a large catch, we may not observe stock
changes in catch reports. However, our data provide evidence that their resources have
changed dramatically in recent years, which may also affect marine ecosystems.

The United Nations attaches great importance to climate issues, and in 2015, 17 specific
goals were issued as follow-up development directions. These goals consider the different
levels of scientific and technological development in various countries, and countries are
encouraged to incorporate these goals into domestic policies and action plans according
to their current status. Under this framework, all countries should focus on sustainable
economic and social development and strive to obtain effective methods, models, and tools
to achieve the Sustainable Development Goals (SDGs) and ensure the sustainability of
fisheries in the waters surrounding their country.

5. Conclusions

Overall, this study considered the importance of fish larval and juvenile occurrence at
different times and in different spaces for fishery resource management. The community
structure of fish larvae and juveniles could be described by three principal components,
and we found a possible connection between the region of the third cluster and monsoons.
Spatiotemporal analysis also revealed that Typhoon Morakot may have had different
impacts on species in different depth zones in the surrounding waters of Taiwan and
highlighted the vulnerability of demersal species to extreme climate events. The early
life history stages of fish are critical determinants of the abundance of fishery resources;
larval and juvenile fish and various plankton also play crucial roles in the ecosystem. The
consequences of climate change could be profound and can no longer be ignored.

Author Contributions: Conceptualization, K.-W.Y. and C.-I.P.; methodology, K.-W.Y. and W.-H.L.;
software, K.-W.Y. and W.-H.L.; validation, C.-I.P. and C.-H.C.; formal analysis, C.-H.C.; investigation,
K.-W.Y. and C.-I.P.; resources, K.-W.Y.; data curation, C.-H.C. and W.-H.L.; writing—original draft
preparation, K.-W.Y., C.-H.C. and W.-H.L.; writing—review and editing, K.-W.Y., C.-H.C. and W.-H.L.;
visualization, K.-W.Y. and W.-H.L.; supervision, K.-W.Y.; project administration, K.-W.Y.; funding
acquisition, K.-W.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This study was partially sponsored through research grants from the Council of Agriculture,
Executive Yuan, R.O.C. (Taiwan) (108AS-9.2.3-AI-A1(4), 109AS-9.2.3-AI-A4, 110AS-6.1.2-AI-A1 and
111AS-6.4.2-AI-A1). And The APC was funded by Taiwan Fisheries Research Institute, Council of
Agriculture, Executive Yuan, R.O.C. (Taiwan).



Animals 2022, 12, 1890 14 of 16

Institutional Review Board Statement: The research methods were in accordance with the guidelines
of the Taiwan Animal Protection Act. Animal samples were collected with a zooplankton net; as this
sampling method results in the mortality of the sampled animals, they were not reared or maintained
in the laboratory. According to the above guidelines, ethical approval was not needed for this study.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Watson, S.A.; Allan, B.J.M.; McQueen, D.E.; Nicol, S.; Parsons, D.M.; Pether, S.M.J.; Pope, S.; Setiawan, A.N.; Smith, N.; Wilson, C.;

et al. Ocean warming has a greater effect than acidification on the early life history development and swimming performance of a
large circumglobal pelagic fish. Glob. Change Biol. 2018, 24, 4368–4385. [CrossRef] [PubMed]

2. Houde, E.D. Fish Larvae. In Encyclopedia of Ocean Sciences, 2nd ed.; Steele, J.H., Ed.; Academic Press: Oxford, UK, 2001;
pp. 381–391.

3. Rogers, L.A.; Dougherty, A.B. Effects of climate and demography on reproductive phenology of a harvested marine fish
population. Glob. Change Biol. 2019, 25, 708–720. [CrossRef] [PubMed]

4. Lo, W.T.; Yu, S.F.; Hsieh, H.Y. Hydrographic Processes Driven by Seasonal Monsoon System Affect Siphonophore Assemblages in
Tropical-Subtropical Waters (Western North Pacific Ocean). PLoS ONE 2014, 9, 19. [CrossRef] [PubMed]

5. Hsieh, H.Y.; Yu, S.F.; Lo, W.T. Influence of monsoon-driven hydrographic features on siphonophore assemblages in the Taiwan
Strait, western North Pacific Ocean. Mar. Freshw. Res. 2013, 64, 348–358. [CrossRef]

6. Leis, J.M. Are larvae of demersal fishes plankton or nekton? In Advances in Marine Biology; Southward, A.J., Sims, D.W., Eds.;
Elsevier: Amsterdam, The Netherlands, 2006; Volume 51, pp. 57–141.

7. Sassa, C.; Konishi, Y.; Mori, K. Distribution of jack mackerel (Trachurus japonicus) larvae and juveniles in the East China Sea, with
special reference to the larval transport by the Kuroshio Current. Fish. Oceanogr. 2006, 15, 508–518. [CrossRef]

8. Sassa, C.; Tsukamoto, Y.; Nishiuchi, K.; Konishi, Y. Spawning ground and larval transport processes of jack mackerel Trachurus
japonicus in the shelf-break region of the southern East China Sea. Cont. Shelf Res. 2008, 28, 2574–2583. [CrossRef]

9. Hsieh, H.Y.; Lo, W.T.; Wu, L.J.; Liu, D.C. Larval fish assemblages in the Taiwan Strait, western North Pacific: Linking with
monsoon-driven mesoscale current system. Fish. Oceanogr. 2012, 21, 125–147. [CrossRef]

10. Hsieh, H.Y.; Lo, W.T.; Wu, L.J.; Liu, D.C.; Su, W.C. Monsoon-driven succession of the larval fish assemblage in the East China Sea
shelf waters off northern Taiwan. J. Oceanogr. 2011, 67, 159–172. [CrossRef]

11. Hsieh, H.-Y.; Lo, W.-T.; Wu, L.-J. Community structure of larval fishes from the southeastern Taiwan Strait: Linked to seasonal
monsoon-driven currents. Zool. Stud. 2012, 51, 679–691.

12. Hsieh, F.-J.; Lee, M.-A.; Pan, J.-Y.; Wang, Y.-T.; Lan, K.-W.; Lan, Y.-C. Winter distribution and composition of ichthyoplankton
associated with thermal front on the continental shelf of the southern East China Sea. J. Fish. Soc. Taiwan 2007, 34, 69–85.
[CrossRef]

13. Chen, Y.K.; Chen, W.Y.; Wang, Y.C.; Lee, M.A. Winter assemblages of ichthyoplankton in the waters of the East China Sea Shelf
and surrounding Taiwan. Fish. Sci. 2016, 82, 755–769. [CrossRef]

14. Wang, Y.-C.; Chan, J.-W.; Lan, Y.-C.; Yang, W.-C.; Lee, M.-A. Satellite observation of the winter variation of sea surface temperature
fronts in relation to the spatial distribution of ichthyoplankton in the continental shelf of the southern East China Sea. Int. J.
Remote Sens. 2018, 39, 4550–4564. [CrossRef]

15. Ohshimo, S.; Sato, T.; Okochi, Y.; Tanaka, S.; Ishihara, T.; Ashida, H.; Suzuki, N. Evidence of spawning among Pacific bluefin tuna,
Thunnus orientalis, in the Kuroshio and Kuroshio–Oyashio transition area. Aquat. Living Resour. 2018, 31, 33. [CrossRef]

16. Tittensor, D.P.; Mora, C.; Jetz, W.; Lotze, H.K.; Ricard, D.; Berghe, E.V.; Worm, B. Global patterns and predictors of marine
biodiversity across taxa. Nature 2010, 466, 1098–1101. [CrossRef]

17. Nielsen, J.M.; Rogers, L.A.; Brodeur, R.D.; Thompson, A.R.; Auth, T.D.; Deary, A.L.; Duffy-Anderson, J.T.; Galbraith, M.; Koslow,
J.A.; Perry, R.I. Responses of ichthyoplankton assemblages to the recent marine heatwave and previous climate fluctuations in
several Northeast Pacific marine ecosystems. Glob. Change Biol. 2021, 27, 506–520. [CrossRef]

18. Stiasny, M.H.; Sswat, M.; Mittermayer, F.H.; Falk-Petersen, I.B.; Schnell, N.K.; Puvanendran, V.; Mortensen, A.; Reusch, T.B.H.;
Clemmesen, C. Divergent responses of Atlantic cod to ocean acidification and food limitation. Glob. Change Biol. 2019, 25, 839–849.
[CrossRef]

19. Beaugrand, G.; Brander, K.M.; Alistair Lindley, J.; Souissi, S.; Reid, P.C. Plankton effect on cod recruitment in the North Sea.
Nature 2003, 426, 661–664. [CrossRef]

20. Lo-Yat, A.; Simpson, S.D.; Meekan, M.; Lecchini, D.D.; Martinez, E.; Galzin, R. Extreme climatic events reduce ocean productivity
and larval supply in a tropical reef ecosystem. Glob. Change Biol. 2011, 17, 1695–1702. [CrossRef]

21. Pepin, P.; Robert, D.; Bouchard, C.; Dower, J.F.; Falardeau, M.; Fortier, L.; Jenkins, G.P.; Leclerc, V.; Levesque, K.; Llopiz, J.K. Once
upon a larva: Revisiting the relationship between feeding success and growth in fish larvae. ICES J. Mar. Sci. 2014, 72, 359–373.
[CrossRef]

http://doi.org/10.1111/gcb.14290
http://www.ncbi.nlm.nih.gov/pubmed/29790239
http://doi.org/10.1111/gcb.14483
http://www.ncbi.nlm.nih.gov/pubmed/30430699
http://doi.org/10.1371/journal.pone.0100085
http://www.ncbi.nlm.nih.gov/pubmed/24932727
http://doi.org/10.1071/MF12151
http://doi.org/10.1111/j.1365-2419.2006.00417.x
http://doi.org/10.1016/j.csr.2008.08.002
http://doi.org/10.1111/j.1365-2419.2011.00612.x
http://doi.org/10.1007/s10872-011-0015-6
http://doi.org/10.29822/JFST.200703.0006
http://doi.org/10.1007/s12562-016-1012-x
http://doi.org/10.1080/01431161.2017.1407053
http://doi.org/10.1051/alr/2018022
http://doi.org/10.1038/nature09329
http://doi.org/10.1111/gcb.15415
http://doi.org/10.1111/gcb.14554
http://doi.org/10.1038/nature02164
http://doi.org/10.1111/j.1365-2486.2010.02355.x
http://doi.org/10.1093/icesjms/fsu201


Animals 2022, 12, 1890 15 of 16

22. Morrongiello, J.R.; Walsh, C.T.; Gray, C.A.; Stocks, J.R.; Crook, D.A. Environmental change drives long-term recruitment and
growth variation in an estuarine fish. Glob. Change Biol. 2014, 20, 1844–1860. [CrossRef]

23. Takasuka, A.; Kuroda, H.; Okunishi, T.; Shimizu, Y.; Hirota, Y.; Kubota, H.; Sakaji, H.; Kimura, R.; Ito, S.I.; Oozeki, Y. Occurrence
and density of P acific saury C ololabis saira larvae and juveniles in relation to environmental factors during the winter spawning
season in the K uroshio C urrent system. Fish. Oceanogr. 2014, 23, 304–321. [CrossRef]

24. Sogawa, S.; Hidaka, K.; Kamimura, Y.; Takahashi, M.; Saito, H.; Okazaki, Y.; Shimizu, Y.; Setou, T. Environmental characteristics of
spawning and nursery grounds of Japanese sardine and mackerels in the Kuroshio and Kuroshio Extension area. Fish. Oceanogr.
2019, 28, 454–467. [CrossRef]

25. Sassa, C.; Konishi, Y. Late winter larval fish assemblage in the southern East China Sea, with emphasis on spatial relations
between mesopelagic and commercial pelagic fish larvae. Cont. Shelf Res. 2015, 108, 97–111. [CrossRef]

26. Sassa, C.; Takahashi, M. Comparative larval growth and mortality of mesopelagic fishes and their predatory impact on zooplank-
ton in the Kuroshio region. Deep Sea Res. Part I Oceanogr. Res. Pap. 2018, 131, 121–132. [CrossRef]

27. Akimoto, S.; Kinoshita, S.; Sezaki, K.; Mitani, I.; Watabe, S. Identification of alfonsino and related fish species belonging to the
genus Beryx with mitochondrial 16S rRNA gene and its application on their pelagic eggs. Fish. Sci. 2002, 68, 1242–1249. [CrossRef]

28. Sakamoto, T.T.; Hasumi, H.; Ishii, M.; Emori, S.; Suzuki, T.; Nishimura, T.; Sumi, A. Responses of the Kuroshio and the Kuroshio
Extension to global warming in a high-resolution climate model. Geophys. Res. Lett. 2005, 32, 1–4. [CrossRef]

29. Chen, C.; Wang, G.; Xie, S.-P.; Liu, W. Why Does Global Warming Weaken the Gulf Stream but Intensify the Kuroshio? J. Clim.
2019, 32, 7437–7451. [CrossRef]

30. Zhang, Y.; Zhou, X.; He, Y.; Jiang, Y.; Liu, Y.; Xie, Z.; Sun, L.; Liu, Z. Persistent intensification of the Kuroshio Current during late
Holocene cool intervals. Earth Planet. Sci. Lett. 2019, 506, 15–22. [CrossRef]

31. Hu, D.; Wu, L.; Cai, W.; Sen Gupta, A.; Ganachaud, A.; Qiu, B.; Gordon, A.L.; Lin, X.; Chen, Z.; Hu, S.; et al. Pacific western
boundary currents and their roles in climate. Nature 2015, 522, 299–308. [CrossRef]

32. Han, G.; Huang, W. Pacific Decadal Oscillation and Sea Level Variability in the Bohai, Yellow, and East China Seas. J. Phys.
Oceanogr. 2008, 38, 2772–2783. [CrossRef]

33. Andres, M.; Park, J.-H.; Wimbush, M.; Zhu, X.-H.; Nakamura, H.; Kim, K.; Chang, K.-I. Manifestation of the Pacific Decadal
Oscillation in the Kuroshio. Geophys. Res. Lett. 2009, 36, 1–5. [CrossRef]

34. Wu, C.-R. Interannual modulation of the Pacific Decadal Oscillation (PDO) on the low-latitude western North Pacific. Prog.
Oceanogr. 2013, 110, 49–58. [CrossRef]

35. Wu, C.-R.; Wang, Y.-L.; Lin, Y.-F.; Chao, S.-Y. Intrusion of the Kuroshio into the South and East China Seas. Sci. Rep. 2017, 7, 7895.
[CrossRef] [PubMed]

36. Wu, L.; Cai, W.; Zhang, L.; Nakamura, H.; Timmermann, A.; Joyce, T.; McPhaden, M.J.; Alexander, M.; Qiu, B.; Visbeck, M.
Enhanced warming over the global subtropical western boundary currents. Nat. Clim. Change 2012, 2, 161. [CrossRef]

37. Miyamoto, H.; Itoh, H.; Okazaki, Y. Temporal and spatial changes in the copepod community during the 1974–1998 spring
seasons in the Kuroshio region; a time period of profound changes in pelagic fish populations. Deep Sea Res. Part I Oceanogr. Res.
Pap. 2017, 128, 131–140. [CrossRef]

38. Chiba, S.; Sugisaki, H.; Nonaka, M.; Saino, T. Geographical shift of zooplankton communities and decadal dynamics of the
Kuroshio-Oyashio currents in the western North Pacific. Glob. Change Biol. 2009, 15, 1846–1858. [CrossRef]

39. Sherman, K.; Smith, W.; Morse, W.; Berman, M.; Green, J.; Ejsymont, L. Spawning strategies of fishes in relation to circulation,
phytoplankton production, and pulses in zooplankton off the northeastern United States. Mar. Ecol. Prog. Ser. 1984, 18, 1–19.
[CrossRef]

40. Doyle, M.J.; Morse, W.W.; Kendall, A.W., Jr. A comparison of larval fish assemblages in the temperate zone of the northeast
Pacific and northwest Atlantic Oceans. Bull. Mar. Sci. 1993, 53, 588–644.

41. Shannon, L.J.; Nelson, G.; Crawford, R.J.M.; Boyd, A.J. Possible impacts of environmental change on pelagic fish recruitment:
Modelling anchovy transport by advective processes in the southern Benguela. Glob. Change Biol. 1996, 2, 407–420. [CrossRef]

42. Sabatés, A.; Olivar, M.P.; Salat, J.; Palomera, I.; Alemany, F. Physical and biological processes controlling the distribution of fish
larvae in the NW Mediterranean. Prog. Oceanogr. 2007, 74, 355–376. [CrossRef]

43. Ciszewski, K.; Wawrzyniak, W.; Czerniejewski, P. Effect of Artificial Regime Shifts and Biotic Factors on the Intensity of Foraging
of Planktivorous Fish. Animals 2022, 12, 17. [CrossRef]

44. Cuttitta, A.; Quinci, E.M.; Patti, B.; Bonomo, S.; Bonanno, A.; Musco, M.; Torri, M.; Placenti, F.; Basilone, G.; Genovese, S.; et al.
Different key roles of mesoscale oceanographic structures and ocean bathymetry in shaping larval fish distribution pattern: A
case study in Sicilian waters in summer 2009. J. Sea Res. 2016, 115, 6–17. [CrossRef]

45. Tiedemann, M.; Fock, H.O.; Döring, J.; Badji, L.B.; Möllmann, C. Water masses and oceanic eddy regulation of larval fish
assemblages along the Cape Verde Frontal Zone. J. Mar. Syst. 2018, 183, 42–55. [CrossRef]

46. Auth, T.D.; Daly, E.A.; Brodeur, R.D.; Fisher, J.L. Phenological and distributional shifts in ichthyoplankton associated with recent
warming in the northeast Pacific Ocean. Glob. Change Biol. 2018, 24, 259–272. [CrossRef]

47. Aoki, I.; Miyashita, K. Dispersal of larvae and juveniles of Japanese anchovy Engraulis japonicus in the Kuroshio Extension and
Kuroshio–Oyashio transition regions, western North Pacific Ocean. Fish. Res. 2000, 49, 155–164. [CrossRef]

48. Mododa, S. Devices of simple plankton apparatus. Mem. Fac. Fish. Hokkaido Univ. 1959, 14, 152–162.
49. Okiyama, M. An Atlas of the Early Stage Fishes in Japan; Tokai University Press: Tokyo, Japan, 1988.

http://doi.org/10.1111/gcb.12545
http://doi.org/10.1111/fog.12065
http://doi.org/10.1111/fog.12423
http://doi.org/10.1016/j.csr.2015.08.021
http://doi.org/10.1016/j.dsr.2017.11.007
http://doi.org/10.1046/j.1444-2906.2002.00561.x
http://doi.org/10.1029/2005GL023384
http://doi.org/10.1175/JCLI-D-18-0895.1
http://doi.org/10.1016/j.epsl.2018.10.018
http://doi.org/10.1038/nature14504
http://doi.org/10.1175/2008JPO3885.1
http://doi.org/10.1029/2009GL039216
http://doi.org/10.1016/j.pocean.2012.12.001
http://doi.org/10.1038/s41598-017-08206-4
http://www.ncbi.nlm.nih.gov/pubmed/28801644
http://doi.org/10.1038/nclimate1353
http://doi.org/10.1016/j.dsr.2017.07.007
http://doi.org/10.1111/j.1365-2486.2009.01890.x
http://doi.org/10.3354/meps018001
http://doi.org/10.1111/j.1365-2486.1996.tb00091.x
http://doi.org/10.1016/j.pocean.2007.04.017
http://doi.org/10.3390/ani12010017
http://doi.org/10.1016/j.seares.2016.04.005
http://doi.org/10.1016/j.jmarsys.2018.03.004
http://doi.org/10.1111/gcb.13872
http://doi.org/10.1016/S0165-7836(00)00197-1


Animals 2022, 12, 1890 16 of 16

50. Chiu, T.-S. The Larvae of Fishes in Taiwan; National Museum of Marine Biology and Aquarium: Pingtung, Taiwan, 1999; p. 296.
51. Leis, J.M.; Rennis, D.S. The Larvae of Indo-Pacific Coral Reef Fishes; New South Wales University Press: Sydney, Australia, 1983.
52. Kendall, A., Jr. Early life history stages of fishes and their characters. In Ontogeny and Systematics of Fishes; American Society of

Ichthyologists and Herpetologists: Lawrence, KS, USA, 1984.
53. Shih, N.-T.; Cai, Y.-H.; Ni, I.-H. A concept to protect fisheries recruits by seasonal closure during spawning periods for commercial

fishes off Taiwan and the East China Sea. J. Appl. Ichthyol. 2009, 25, 676–685. [CrossRef]
54. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,

2018; Available online: https://www.R-project.org/ (accessed on 16 May 2022).
55. MacQueen, J. Some methods for classification and analysis of multivariate observations. In Proceedings of the Fifth Berkeley

Symposium on Mathematical Statistics and Probability; The Regents of the University of California: Oakland, CA, USA, 1967;
pp. 281–297.

56. Joshi, K.D.; Nalwade, P. Modified K-Means for better initial cluster centres. Int. J. Comput. Sci. Mob. Comput. 2013, 2, 219–223.
57. Kaufma, L.; Rousseeuw, P. Finding Groups in Data: An Introduction to Cluster Analysis; John Wiley & Sons: Hoboken, NJ, USA, 2005.
58. Shao, K.T. Taiwan Fish Database. Available online: http://fishdb.sinica.edu.tw (accessed on 16 May 2022).
59. Wang, Y.-C.; Chen, W.-Y.; Chen, Y.-K.; Kuo, Y.-C.; Lee, M.-A. Winter abundance and species composition of anchovy larvae

associated with hydrological conditions in the coastal waters of Tanshui, Taiwan. J. Mar. Sci. Technol. 2018, 26, 18. [CrossRef]
60. Harrison, P.A.; Berry, P.M.; Simpson, G.; Haslett, J.R.; Blicharska, M.; Bucur, M.; Dunford, R.; Egoh, B.; Garcia-Llorente, M.;

Geamana, N.; et al. Linkages between biodiversity attributes and ecosystem services: A systematic review. Ecosyst. Serv. 2014,
9, 191–203. [CrossRef]

61. Hsieh, H.-Y.; Lo, W.-T.; Wu, L.-J.; Liu, D.-C.; Su, W.-C. Comparison of distribution patterns of larval fish assemblages in the
Taiwan Strait between the northeasterly and southwesterly monsoons. Zool. Stud. 2011, 50, 491–505.

62. Chien, F.C.; Kuo, H.C. On the extreme rainfall of Typhoon Morakot. J. Geophys. Res. Atmos. 2011, 116. [CrossRef]
63. Lee, H.S.; Yamashita, T.; Hsu, J.R.-C.; Ding, F. Integrated modeling of the dynamic meteorological and sea surface conditions

during the passage of Typhoon Morakot. Dyn. Atmos. Ocean. 2013, 59, 1–23. [CrossRef]
64. Chang, Y.; Chan, J.-W.; Huang, Y.-C.A.; Lin, W.-Q.; Lee, M.-A.; Lee, K.-T.; Liao, C.-H.; Wang, K.-Y.; Kuo, Y.-C. Typhoon-enhanced

upwelling and its influence on fishing activities in the southern East China Sea. Int. J. Remote Sens. 2014, 35, 6561–6572. [CrossRef]
65. Wu, C.-H.; Chen, S.-C.; Feng, Z.-Y. Formation, failure, and consequences of the Xiaolin landslide dam, triggered by extreme

rainfall from Typhoon Morakot, Taiwan. Landslides 2014, 11, 357–367. [CrossRef]
66. Kuo, C.-Y.; Meng, P.-J.; Ho, P.-H.; Wang, J.-T.; Chen, J.-P.; Chiu, Y.-W.; Lin, H.-J.; Chang, Y.-C.; Fan, T.-Y.; Chen, C.A. Damage to the

reefs of Siangjiao Bay marine protected area of Kenting National Park, southern Taiwan during typhoon Morakot. Zool. Stud.
2011, 50, 85.

67. Lawson, K.M.; Hill, J.E. Life history strategies differentiate established from failed non-native freshwater fish in peninsular
Florida. Divers. Distrib. 2022, 28, 160–172. [CrossRef]

68. McLean, M.; Mouillot, D.; Auber, A. Ecological and life history traits explain a climate-induced shift in a temperate marine fish
community. Mar. Ecol. Prog. Ser. 2018, 606, 175–186. [CrossRef]

69. Schaal, S.M.; Lotterhos, K.E. Comparative thermal performance among four young-of-the-year temperate reef fish species. ICES J.
Mar. Sci. 2021, 78, 1684–1696. [CrossRef]

70. Wang, X.X.; Lang, X.M.; Jiang, D.B. Linkage of future regional climate extremes to global warming intensity. Clim. Res. 2020,
81, 43–54. [CrossRef]

71. Levin, L.A.; Wei, C.L.; Dunn, D.C.; Amon, D.J.; Ashford, O.S.; Cheung, W.W.L.; Colaco, A.; Dominguez-Carrio, C.; Escobar, E.G.;
Harden-Davies, H.R.; et al. Climate change considerations are fundamental to management of deep-sea resource extraction. Glob.
Change Biol. 2020, 26, 4664–4678. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1439-0426.2009.01328.x
https://www.R-project.org/
http://fishdb.sinica.edu.tw
http://doi.org/10.6119/JMST.2018.06_(3).0018
http://doi.org/10.1016/j.ecoser.2014.05.006
http://doi.org/10.1029/2010JD015092
http://doi.org/10.1016/j.dynatmoce.2012.09.002
http://doi.org/10.1080/01431161.2014.958248
http://doi.org/10.1007/s10346-013-0394-4
http://doi.org/10.1111/ddi.13448
http://doi.org/10.3354/meps12766
http://doi.org/10.1093/icesjms/fsab072
http://doi.org/10.3354/cr01609
http://doi.org/10.1111/gcb.15223
http://www.ncbi.nlm.nih.gov/pubmed/32531093

	Introduction 
	Materials and Methods 
	Data Collection 
	Classification and Identification 
	Analysis of the Occurrence Probability of Fish Larvae and Juveniles at the Species Level 
	Cluster Analysis 
	Analysis of Temporal and Spatial Compositional Changes in Fish Larvae and Juveniles in Different Habitat Depth Zones 

	Results 
	Cluster Analysis of Fish Larvae and Juveniles 
	Temporal and Spatial Variation in Fish Larval and Juvenile Abundances in Different Depth Zones 

	Discussion 
	Conclusions 
	References

