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Abstract  In 2020, the presence of a novel non-
indigenous species, eastern tubenose goby Pro-
terorhinus semipellucidus (Kessler, 1877), was 
documented in the Gulf of Finland, Baltic Sea. As 
tubenose goby invasion may have a comprehensive 
ecological impact on the local ecosystem, it has to 
be confirmed whether the species has established 
an independently reproducing population or persists 
through continuous invasions in this area. We exam-
ined the otolith microstructure to determine the age 
of specimens sampled from the southern and north-
ern coasts of the Gulf of Finland. Additionally, oto-
lith microchemistry analysis was carried out on the 
southern coast specimens. Otolith microstructure 
revealed the population’s age structure, showing the 
presence of different age classes, including younger 
individuals. The microchemistry analyses suggested 
that the specimens had hatched in brackish water 

salinities similar to those found in the sampling areas. 
This indicates local reproduction instead of introduc-
tion from the virtually freshwater Neva Bay, which is 
most likely the donor area of the studied populations. 
These data confirm the establishment of a self-sus-
taining reproducing population of eastern tubenose 
goby in the Gulf of Finland, eastern part of the brack-
ish Baltic Sea.

Keywords  Gulf of Finland · Brackish environment · 
Non-indigenous species · Otolith studies · Total 
length back calculations · Tubenose goby

Introduction

To date, there are more than 200 non-indigenous 
species recorded from the Baltic Sea, and the num-
ber of invasions continues to increase (AquaNIS 
2023). One of the newest known invaders is eastern 
tubenose goby Proterorhinus semipellucidus (Kessler 
1877), which was first detected in the Gulf of Finland 
in 2020 and identified based on both morphological 
and molecular data (Truuverk et al. 2021). However, 
not every newly discovered invader establishes in 
the area, i.e., does achieve an independently repro-
ducing population (Soto et  al. 2024). Determination 
of the establishment of a non-indigenous species in 
a region is crucial for the assessment of the possi-
ble impact and further spread of invasion. It can be 
assumed that a species that has rapidly established an 
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independently reproducing population has the poten-
tial to spread further. In the genus Proterorhinus 
Smitt, 1900, novel populations have been reported 
to establish within two (Slynko 2010) to 5 (Uspens-
kiy 2020) years, yet it has to be noted that the length 
of confirmed establishment may depend on the time 
gap between the actual introduction, first records, and 
further research. Therefore, confirming the establish-
ment of eastern tubenose goby in the Gulf of Finland 
is crucial for studying its ecological impact.

Many of the Baltic Sea invaders originate from the 
Ponto-Caspian region (Black Sea, Sea of Azov, Cas-
pian Sea), including eastern tubenose goby, which 
most likely reached the Baltic Sea through the north-
ern invasion corridor (see Bij De Vaate et al. 2002). 
This new invader holds many characteristics typical 
of gobiids and other species from the original area. 
These characteristics often contribute to the suc-
cess of invasion and establishment, making Ponto-
Caspian species well-known non-indigenous spe-
cies in the Northern Hemisphere (e.g., Verliin et  al. 
2017; Copilaș-Ciocianu et  al. 2023). One such trait 
is a fast generation cycle: species of the genus Pro-
terorhinus reach maturity within the first year, conse-
quently, 1 + fish are ready to breed in the spring after 
they have hatched (Valová et al. 2015). Furthermore, 
tubenose gobies are typical batch spawners, ensur-
ing the success of the breeding period (Grabowska 
et al. 2019). The species of the genus Proterorhinus 
are quite flexible in their salinity tolerance (Cuthbert 
and Briski 2021) and food requirements (Ondračková 
et  al. 2019). Also, passive larval drift helps them 
pass through unsuitable environmental conditions 
and widen their distribution (Kocovsky et  al. 2011). 
These abilities contribute significantly to the dispersal 
and development of independently reproducing popu-
lations and, therefore, to the success of establishment.

Up to now, the eastern tubenose gobies have been 
described to inhabit the southern shore of the Gulf of 
Finland in the Baltic Sea, at least since 2020 (Truu-
verk et  al. 2021). There have been no studies con-
ducted on the invasion status in other parts of the 
brackish Gulf of Finland. While tubenose gobies 
invaded the easternmost part of the Gulf of Finland 
(essentially freshwater Neva Bay) in 2006 or earlier, 
the species was identified as P. marmoratus (Pal-
las, 1814) (Antsulevich 2007). However, in 2021, 
the tubenose gobies in Neva Bay were identified as 
Proterorhinus semilunaris (Heckel, 1837) (Demchuk 

et al. 2021). Yet, the species were determined solely 
based on morphological characters (Antsulevich 
2007; Demchuk et al. 2021), which can be misleading 
in this genus (e.g., Neilson and Stepien 2009). Truu-
verk et al. (2021) identified the species in the south-
ern shore of the Gulf of Finland as Proterorhinus 
nasalis (De Filippi, 1863) based on molecular data. 
However, other recent sources consider the species 
spreading through the northern invasion corridor to 
be P. semipellucidus (Zarei et al. 2021, 2022). Moreo-
ver, Zarei et  al. (2021) attribute the name P. nasalis 
exclusively to the material recorded from the South-
ern Caspian Sea basin (cf. Zarei et  al. 2021: fig. 3), 
despite the type specimen originating from nearby 
Baku (Azerbaijan) (Canestrini et al. 1862). Neverthe-
less, the Eschmeyer’s Catalog of Fishes (Fricke et al. 
2023) suggests P. nasalis for the species recorded 
by Truuverk et  al. (2021), whereas P. semipelluci-
dus is simultaneously considered an invasive species 
in the Volga River basin and the northeastern Baltic 
Sea. This discrepancy in naming has led to confu-
sion regarding the appropriate species designation. 
In accordance with Echmeyer’s Catalog of Fishes, we 
refer to the species spreading in the Gulf of Finland 
as Proterorhinus semipellucidus (Kessler, 1877)—
eastern tubenose goby. Certainly, the current status 
appears ambiguous and requires clarification through 
future research.

The invasion process, including establishment, 
should be documented and studied thoroughly, to 
prevent drawing wrong conclusions (García-Berthou 
2007). Although establishment is usually affirmed 
by the abundance of YOY (young-of-the-year) fish 
(Uspenskiy 2020), the possibility of larval drift 
may lead to wrong conclusions especially when the 
donor population is located nearby. Considering the 
challenges in the species determination in the genus 
Proterorhinus, it is possible that the tubenose gobies 
inhabiting Neva Bay and named as P. marmoratus 
sensu lato (Uspenskiy 2020) may also be the same 
taxon as described by Truuverk et al. (2021). There-
fore, as the conspecificity of the populations cannot 
be ruled out, possible larval drift to Estonian and 
Finnish waters from the Neva Bay population cannot 
be ruled out either. The aim of the present study is to 
clarify the status of invasion and reveal the possible 
establishment of eastern tubenose goby in the Gulf 
of Finland. In addition, the study intends to provide 
preliminary knowledge for future research. Hereby, 
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we combine age structure and microchemistry analy-
ses to assess the state of eastern tubenose goby inva-
sion in the Gulf of Finland. Age structure analysis is 
the basis for the typical assessment of establishment, 
where the presence of younger specimens and differ-
ent age classes indicate a self-sustaining population 
(e.g., Slynko 2010). Microchemical analysis aimed 
to determine whether there is a trace of freshwater, 
which would provide evidence of larval drift from 
Neva Bay. This is a novel approach to estimate the 
establishment of non-indigenous species in the Baltic 
Sea.

Materials and methods

During fieldwork at the Kalvi sampling site on the 
northern coast of Estonia (Fig. 1), 35 eastern tubenose 
gobies were collected. Of these, 11 were designated 
for back-calculation studies, 7 for otolith studies, 
and 17 for other research purposes. Additionally, 22 

tubenose gobies were collected from Finnish sam-
pling sites (Fig. 1), with 8 used in this study and 14 
in other research. The total length of the specimens 
ranged from 16 to 75 mm. Seven specimens from the 
northern coast of Estonia and eight specimens from 
the southern coast of Finland underwent age deter-
mination based on the examination of otolith micro-
structure. Microchemistry analysis was performed 
exclusively on the Estonian specimens.

The specimens were caught on 9 and 10 June 2022 
from Syvänhiekanpohja (60.48278N; 27.41106E) and 
Karjalanniemi (60.48946N; 27.65976E) in Finland 
and on the 23rd of September 2022 from Kalvi near 
the mouth of Padajõgi river (59.49682N; 26.77614E) 
at salinity 5.65 PSU in Estonia (Fig. 1, Table 1). Fish 
were caught with a beach seine in Finland and a push 
net in Estonia. The seine’s net dimensions were 1.3 m 
in height, 2.2  m in length, and 1.2  m in width. Fif-
teen-meter-long and 1.3-m-wide wings surrounded 
the seine mouth on each side. Both wings had a mesh 
size of 10 mm for the first 8 m, decreasing to 5 mm 

Fig. 1   Sampling sites in Syvänhiekanpohja (1) and Karjalan-
niemi (2) on the northern coast and Kalvi (3) on the southern 
coast of the Gulf of Finland (orange dots) together with first 

findings of eastern tubenose gobies in the Gulf of Finland 
(green triangles). Basemap: Estonian Land Board
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near the cod-end, which was cone-shaped and had a 
mesh size of 2 mm. Using 15 m ropes, the seine was 
hauled towards or along the shore with a mean hauled 
area of 392 m2. The push net was 0.62  m in height 
and 0.82 m in length, with mesh size of 3 mm and a 
mean hauled area of 23 m2.

Specimens from Kalvi were retained frozen for fur-
ther analysis, while fish from Finland were preserved 
in ethyl alcohol (96.5%) since microchemistry analy-
sis was not originally planned. Afterwards, frozen 
specimens were thawed, total lengths (TL) of all fish 
were measured, and otoliths (sagitta) were removed, 
dried with paper, and stored in microtubes until fur-
ther preparation in October and November 2022. The 
choice of left or right otolith was made randomly. 
Individual otoliths were manually grinded with abra-
sive paper (grit size P2500) until the core area was 
exposed and finally polished (grit size P4000). Oto-
lith thin sections were mounted on a microscope slide 
with a drop of Loctite superglue.

Microchemical analysis was conducted using laser 
ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) at the University of Tartu, Depart-
ment of Geology. Firstly, otoliths were ultrasonically 
cleaned in NanoPure water for 15 min and air-dried. 
Thereupon, LA-ICP-MS was used to measure 43Ca, 
55Mn, 88Sr, 137Ba signals which were later reduced to 
element:Ca in mmol/mol using NIST612 as reference 
material following the method described in Rohtla 
et al. (2014). Continuous line scans were traced from 
otoliths’ core to edge with scanning speed of 5 µm/s 

and spot size of 40  µm. A nine-point running mean 
was used to reduce the noise and smooth the data.

Finally, otoliths were repolished, etched, and stained 
for age estimation. Neutral red solution (0.8%) was used 
based on the standard procedures (Richter and McDer-
mott 1990). Otoliths were photographed and otolith radii 
measured using a stereomicroscope (model SZX10, 
Olympus Corporation, external light source Olym-
pus KL 1500 LED) with × 94.5 magnification. Oto-
lith growth rings were blindly counted twice by three 
independent readers to reach consensus. If differences 
persisted, the otolith was discarded, constituting 1 oto-
lith out of 15. Growth rings were compared to the oto-
lith elemental profiles to expose potential patterns and 
movements of fish, as well as environmental conditions 
the fish had lived in. Linear regression analysis was used 
to explore relationships between fish total length (TL), 
age, and otolith radius (Ro).

It is known that fixation in ethyl alcohol reduces 
individual TL of fish (Melo et al. 2010). Eleven eastern 
tubenose gobies from the Kalvi sampling point were 
preserved in ethyl alcohol to assess the precise effect 
of fixation on the species’ TL. These individuals were 
exclusively employed to examine TL variations and 
were not involved in otolith studies. Length changes 
were measured over a 4-week period in October 2022 
using a measuring board with a 1-mm accuracy. After 
a month of being preserved in ethyl alcohol, the length 
decrease of the studied fish ceased (Fig. 2).

Friedman ANOVA was used to assess the changes 
in fish total length over time, revealing a significant 

Table 1   Studied 
specimens. TL total length, 
Ro otolith radius. Fish 
numbers correspond to the 
original numbering of the 
specimens

*Asterisks denote fish 
whose TL were corrected 
for the fixation in ethyl 
alcohol

Fish nr Age (y) TL (mm) Ro (µm) Sampling site Sampling date

1 4 +  66 919.1 Kalvi 23 Sep 2022
2 1 +  21 492.1 Kalvi 23 Sep 2022
3 2 +  42 666.6 Kalvi 23 Sep 2022
4 3 +  67 980.3 Kalvi 23 Sep 2022
5 2 +  49 593.6 Kalvi 23 Sep 2022
6 3 +  44 397.3 Kalvi 23 Sep 2022
8 2 +  39 482.4 Kalvi 23 Sep 2022
9* 2 +  37 464.4 Syvänhiekanpohja 9 Jun 2022
10* 3 +  43 557.2 Syvänhiekanpohja 9 Jun 2022
12* 4 +  75 1088.8 Karjalanniemi 10 Jun 2022
15* 2 +  36 417.9 Karjalanniemi 10 Jun 2022
27* 2 +  38 505.2 Karjalanniemi 10 Jun 2022
28* 3 +  37 498.6 Karjalanniemi 10 Jun 2022
29* 1 +  27 311.2 Karjalanniemi 10 Jun 2022



1093Environ Biol Fish (2024) 107:1089–1098	

Vol.: (0123456789)

difference among the treatment conditions (χ2 = 35.19; 
df = 4; p < 0.001). Regression analysis was conducted to 
establish a relationship between fish original TL and the 
TL after being fixed for 4 weeks. This allowed for future 
back calculations in subsequent studies. The equation 
obtained from the regression analysis (y = 0.76 + 0.93x; 
R2 = 0.998; n = 11; where x represents the original TL 
and y represents the fixed TL) was utilized for corrected 
total length in this study (Fig. 3). This statistical measure 
of precision allowed for the estimation of their original 
total length based on observed data. Wilcoxon signed-
rank test showed a significant difference between original 
measurements after fixation and corrected length (n = 11; 
W = 0; z =  − 2.93; p = 0.003), prompting the use of cor-
rected total length instead of original measurements for 
further analysis of relationships (Table 1, fish nr 9–29).

Results

TL of all the studied specimens differed between 
21 and 74.4  mm (mean 44.3  mm ± SD 15.2). The 

radius of otoliths ranged from 311 to 1088 µm, with 
598.2  µm as the mean (Table  1, Fig.  4). Relation-
ships between fish age and total length (R2 = 0.73; 
p < 0.0001) (Fig. 5), otolith radius and total length 
(R2 = 0.83; p ≤ 0.0001), and otolith radius and age 
(R2 = 0.52; p = 0.004) were all significant (Fig.  6). 
The age of the studied specimens varied from 1 + to 
4 + , the median age being 2 + . No YOY eastern 
tubenose gobies were detected.

There was no trace of freshwater in the otolith 
strontium to calcium (hereinafter abbreviated as 
Sr:Ca) profiles of eastern tubenose gobies col-
lected from Kalvi. Sr:Ca concentration smoothed 
values (blue line Fig.  7) stayed between 2.2 and 
5.0  mmol/mol, which are typical brackish water 
values (e.g., Rohtla et  al. 2017; Matetski et  al. 
2022). In most of the otoliths Sr:Ca concentrations 
increased slightly in the outer parts and fluctuated 
clearly (Fig.  7). Fluctuations were also present 
in barium to calcium (Ba:Ca) profiles, smoothed 
values varying from 0.002 to 0.028  mmol/mol 
(Fig. 8).

Fig. 2   Effect of ethanol 
fixation on the total length 
(TL) of eastern tubenose 
gobies

Fig. 3   Regression of fish 
total length (TL) before 
versus after fixation in ethyl 
alcohol (dashed blue line). 
The solid light blue line 
represents the 1:1 relation-
ship between TL values
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Fig. 4   Otolith nr 1 
from Kalvi: age = 4 + ; 
Ro = 919.14 µm. Numbers 
denote annuli

Fig. 5   Sampled fish age 
and total length (TL) rela-
tionship, where R2 = 0.73 
and p = 0.0001. The gray 
area marks 95% confidence 
intervals

Fig. 6   a  Otolith radius (Ro) and fish total length (TL) relationship (R2 = 0.83;  p < 0.0001).  b  Ro  and fish age relationship 
(R2 = 0.52; p = 0.004). Gray areas mark 95% confidence intervals
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Discussion

The age structure and otolith elemental composition 
of eastern tubenose gobies, caught from Kalvi, indi-
cate that the species has established along the south-
ern coast of the eastern part of brackish Gulf of Fin-
land. Several different year classes were found with 
the presence of 1- and 2-year-old individuals. Fur-
thermore, otolith microchemistry indicated that all 
the analyzed fish had hatched in brackish water. The 
population age structure of eastern tubenose goby on 
the northern shore of the Gulf of Finland was similar 

to that of the Estonian population. Comparing the dis-
tances of populations from the potential introduction 
path, it is therefore highly likely that the population 
has become established in the eastern part of the Gulf 
of Finland as a whole.

No YOY eastern tubenose gobies were detected 
during the present study. This may have been caused 
by suboptimal sampling dates (Valová et al. 2015) and 
mesh size. In June, genus Proterorhinus specimens 
have not yet hatched, while in September, the YOY 
are still too small and may escape through the mesh 
of used gear. However, the presence of various size 

Fig. 7   Otolith Sr:Ca profiles of fish from different age groups. Age 1 +  = fish nr 2; age 2 +  = fish nr 3, 5, 8; age 3 +  = fish nr 4, 6; age 
4 +  = fish nr 1. Light blue dashed lines represent the estimated maximum boundary for freshwater values in the Gulf of Finland

Fig. 8   Otolith Ba:Ca profiles of fish from different age groups. Age 1 +  = fish nr 2; age 2 +  = fish nr 3, 5, 8; age 3 +  = fish nr 4, 6; 
age 4 +  = fish nr 1
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and year classes in both spring and autumn (Table 1) 
can be considered substantial evidence, as indicated 
by previous studies (e.g., Kocovsky et al. 2011), sup-
porting the proposition that persistent reproduction of 
eastern tubenose gobies occurs in the Gulf of Finland. 
This finding aligns with the observed length ranges in 
other habitats invaded by the genus, such as the Dyje 
River in Czech Republic (Valová et  al. 2015), The 
Great Lakes in the USA (Kocovsky et  al. 2011), or 
Neva Bay in Russia (Uspenskiy 2020).

In 2020, presence of eastern tubenose gobies was 
confirmed for the first time in the brackish Gulf of 
Finland (Truuverk et  al. 2021). However, the oto-
lith growth rings of the presently studied specimens 
revealed that the oldest were 4 + years old at capture. 
It is therefore likely that the species was already pre-
sent at least a few years before its discovery. Tubenose 
gobies typically have a lifespan of 2–4  years (Harka 
and Farkas 2006); thus, it is impossible to determine 
the actual date of their settlement in the Gulf of Fin-
land based on specimens captured in the present study.

While Sr:Ca ratios in otolith microchemistry cor-
relate positively with the salinity in the environment 
(Elsdon et al. 2008), the Ba:Ca ratio shows a negative 
correlation with environmental salinity (Macdonald 
and Crook 2010). The otolith chemical profiles did not 
provide evidence of the prior presence of the sampled 
fish from Kalvi in freshwater conditions, as such cir-
cumstances would have yielded a significantly lower 
Sr:Ca ratio and markedly higher Ba:Ca ratio (e.g. 
Rohtla et  al. 2014; Matetski et  al. 2022). Tubenose 
gobies are nest spawners, meaning that larvae hatch 
at the same location where the eggs were fertilized 
(Grabowska and Przybylski 2015). The investigated 
individuals hatched in a saline environment, and it 
is probable that at least some of them have migrated 
between distinct water masses characterized by vary-
ing Sr:Ca ratios and therefore salinities. Sr:Ca concen-
tration conspicuous fluctuations can also be explained 
by the variability in sampling site conditions at Kalvi. 
Fish were caught near Padajõgi river mouth, where 
prevailing winds can direct river water westward or 
eastward, affecting salinity levels in the area. Geo-
chemical variations in inflowing river water can also 
contribute to changes in Sr:Ca and Ba:Ca ratios in the 
coastal sea and, consequently, fish otoliths (Vu et  al. 
2021).These factors can therefore influence fluctua-
tions in the local salinity of nearby shallow coastal 

waters. Tubenose gobies hatch in shallow seas and 
migrate to winter in deeper waters (Valová et  al. 
2015). Hence, Sr:Ca fluctuations may also denote the 
seasonal movement of fish from the lower Sr:Ca shal-
low water to the higher Sr:Ca deep water (Tzeng et al. 
1999; Rohtla unpublished data). Additionally, during 
winter when ice cover is present, it is likely that the 
influence of river water becomes more localized, as 
wind and wave action have less impact on the water.

While otolith Sr:Ca and water salinity have a 
positive relationship, otolith Ba:Ca concentration 
decreases with higher salinities (Macdonald and 
Crook 2010). Based on the studied otoliths, it seems 
that Sr:Ca and Ba:Ca profiles are in some way con-
trary: while the Sr:Ca concentration ratio is stable, 
Ba:Ca fluctuates and vice-versa. Otolith Ba:Ca 
ratios may also be influenced by fish diet compo-
sition (Elsdon et  al. 2008) or seasonal variations 
in vegetation (Fisher et al. 1991). Nevertheless, no 
fundamental conclusions can be drawn about the 
fluctuations.

Generalist species typically succeed in variable 
environments. Tubenose gobies’ high plasticity gives 
them an advantage in the rather vulnerable, semi-
enclosed, low-diversity Baltic Sea. They can switch 
between different feeding strategies depending on the 
season and environmental conditions (Ondračková 
et  al. 2019). This makes them more resilient to 
changes in their habitat and increases their chances of 
survival. Furthermore, their ability to adapt quickly 
may give them a competitive edge over native species. 
Given that tubenose goby and round goby (Neogobius 
melanostomus (Pallas, 1814)) occupy slightly differ-
ent niches, their combined impact could potentially be 
more detrimental to local ecosystems (e.g., Mikl et al. 
2017; Vašek et al. 2014). Whereas the round goby has 
dwelled in the coastal seas of Estonia and Finland for 
over 20 years, the performance and repercussions of 
eastern tubenose goby have yet to be revealed.

The obtained results suggest the establishment of 
eastern tubenose goby in the brackish Gulf of Fin-
land. Still, additional research and the inclusion of 
other sampling points are needed to clarify the pat-
terns observed in otolith elemental profiles as well 
as distribution and spreading of the species in the 
region. At least, current results indicate that eastern 
tubenose goby population in the Gulf of Finland is 
likely to persist and spread onwards in the Baltic Sea.
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