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Abstract

Invasive species are recognized as one of the major drivers of biodiversity loss
worldwide. In Korea, ecological disturbances have been increasingly caused by invasive
freshwater turtles, creating an urgent need for practical management technologies that
enable rapid and accurate species identification. You Only Look Once (YOLO), a deep
learning (DL)-based object detection model, offers high inference speed and enhanced
classification accuracy, making it suitable for real-time monitoring and for
application-based deployment. In this study, we developed an automated classification
model for invasive freshwater turtles using a YOLO-based approach and evaluated its
applicability to citizen science-derived field data. Based on domestic ecological
conditions, six invasive and two native turtle species were selected as target classes.
Images collected by citizen scientists were used as training data. Model performance
was evaluated using training-phase loss trends and post-training evaluation metrics. The
model showed stable convergence without evidence of overfitting. In post-training
evaluation, the inference time was 9.1 ms, mean Average Precision (mAP) reached 0.965,
and average correct classification rates was 92.5%. To assess field applicability, the
model was applied to real-world citizen science images, achieving a correct classification
rate of 73.1%. Notably, 100% accuracy was obtained for Mauremys sinensis, a species
with relatively low occurrence frequency. These results demonstrate that DL-based
classification models using image data have strong potential as supportive technological
tools for species identification by both citizen scientists and morphological classification
experts. By facilitating citizen science-based monitoring and expert-driven analysis, the
proposed model may contribute to Early Detection and Rapid Response (EDRR)

management strategies for invasive freshwater turtles.
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1. g7 B3
d=CAd2 ddet EY /K|, da =2, 7|2 =F 5 dEjA S Cr¥et 7|50
dgs OO Qlztol Meoe YNz AE|O RUACH(Brussaard et al, 2007; Mooney

SESEs
et al, 2009). 2Lt O|zst ZLH 2380 X2 MIECIAMo|l Z2ZsE AT}
AR ACH (Pimm et al, 2014). YSCHYE H2o e & dSibe &
2 22 HYO|H, Ol MaChadd a9l Fa Qe il
UACk(Havel et al, 2015). 22fE2 E&AZUOl MAX ™S Sl EA =2 MA

B9 A Lo

o —

SN Yy 0/XD 9l

1o oy
1o
N

o LI P
ot
2

22X QUCHRicciardi, 2007; Smith et al, 2009; Strayer et al., 2006). O|0f 2} 22|Lt2}
HZ3t ojgf 3722 22fE HYS YX|SH7| fl6f CraAel =382 7|20/ U
fE|Ligts SEE0M "HEfA B E" S HECE X|HSHH 22iFT2 alstn ,lEr.

-l

OEAER AN SUAHE(Chelydra serpentina), 20175 (Macrochelys temminckiy,
SIEFEASMauremys  sinensis), ElHFH(Pseudemys concinna), =ZE| Er%%HHH%
(Pseudemys nelson, &2 HMHES B (Trachemys spp.)0l ME A LZHEEZE X|HEO
OoH, Ol Mx&5=2 & 71 0| X[EE= EFTO|CHhttps://kias.nierekr/). BlE2HE52 —.—':'5'

O 1 XHO| ot MAXIHAME dEZ &+ s 95 XL U0 CHE =F0f H
=

AN - |

o MEfAO Okl ¥0| 2 £ UCKGariboldi and Zuffi et al, 1994; Spinks et al,
2003). £k X2 7|= 2 Qg 7|2 A 20| 45otHAM 2Het 7|20 H3T BE

HEE0| =W EATI 3™ 7Isd0l SO0HA| QUCHZhang et al, 2023). EH_E.QE
SHUASN A0fAS2 A L OFHOIM HAHE|X] RUASLE 2020 Ol X|HHo=Z &
HAE|D QCHKoo et al, 2020; Koo et al, 2021). O|2{¢t MEfA n2HES §.J_|'I-| oz oL
E{2stn 22|str| 2ot 2ado| A SOHEL QUL

dEfAnZHE =S Zoot 2fE #2E Rt WE T SHLE X7 XL AE
CH-S (Early Detection and Rapid Response, EDRR)' ZZF0| BO| AFEE|1 RUCKNISC, 2016).
EDRR2 HESE0| =02 = = CHAO ZE35H7 ﬁoﬂ O|E &S5t A7 sl

0

EI

A&t tieS SHEZ OLh A2iLt O|F 2oz sty fSiMe &2 elel A
Xs BHESHAH ZELUEHEOHOF opX|T, 0| A QEHoz Rt UEHE MAXE
25 ZLUHESE A2 StAZE UL ZZ A[RIEAE2 #s0| F7rof| el 00|
M&ste HOIE{7} 2LEHZN F23t =22 F1 UCKSuzuki-Ohno et al, 2022). §3|
A|2IotetXS0] =Fot Wofeh 2| HojE= =Liel Crefet =AM X|HS Zgstl U0,
U "o = 22fE ZLEHZ AW iMS JtschAl ottt ChEb ol2et HO|HE
A0 23| &8ot7| fisiMe T Al 20| EYE[0{0F ofH, WEtM Y AL
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1. HIO|f =%
H=C| HE datasetO| M= EXYSHX| {7 M0 8F0 Cist HF2
O|0|X|&= iNaturalist(https://www.inaturalistorg)Al =& E[QACt. AFLSZL O|0|X|=
iNaturalist®| Inat_images R 23 EE D{7|X|E AtESI =T E[R!CH(Huerta-Ramos, 2021).

RCE

rg
Mo

F=8E OoXls st= MA 8 defst 71X =20 2FE dedd EFE FE5HY
AHE|ACHBaek et al., 2024a; Baek et al, 2024b; Farkas et al, 2019; Kim et al, 2021).
SO FH=otA AKX AL EHO| &2 O|0|X|= datasetO| M A IRACE & ATO|M
ArgEl EE O|0[X[= 500x500E4 O|& =7|et 72dpi 0|4 SHAEEE ZESSIRACH TS
TEot=0 AFEEl= HEfSHA EZFo| & HMAHO ZM EXSH| WE0 = THE A
o= X|GotUCt M FHX|E2 Labellm gz AM23H0  ground truth bounding

boxesZ ZtH B E|ACHTzutalin, 2015). ZHHEEE  dataset= FEPIZ  training  set

4,743%(64%), validation set 1,181%(16%), test set 1,493%(20%) 22 =2|Z| ALt (& 1).

H1. MEfAZE HSF 65 U I Xt HE 2F dataset 7+ A1t

No. =8 st Training Validation Test
1 SthA= Chelydra serpentina 1,543 385 483
2 AO|HE Macrochelys temminckii 184 46 59
3 STEFEEAS Mauremys sinensis 474 118 149
4 2|HHFE Pseudemys concinna 539 134 170
5 | ER2CtE28HSE | Pseudermys nelsoni 643 160 203
6 FoHAS Trachemys scripta 1,054 263 331
7 0| Mauremys reevesii 135 33 43
8 Nl Pelodliscus maackii 171 42 55

Total 4,743 1,181 1,493
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2. R g5
21 2E =X
= gF0Me dEfA LS ASS X & 2F5H7] f/8) YOLO11 2Z(Jocher and
Qiu, 2024)0] MEE|RALCE YOLO112 C3k2 EE2 C2PSA ZEEZ CiXstn =& Mo}
FASHA RXISHHM ds2 Mot d2kEl HHO|CHGhosh, 2024; Khanam and Hussain,
2024). C3k2 E82 £E2 28dS =07 {8 EA%N THFH

M SECEH HHEH C2PSA BEE2 T EO0| o|O/X| Ly

=¥ B 452

Syl 90 Sot=S ol A2 MU

2202 7T Mo EX Mds2 TFHAIZCHGhosh, 2024; Khanam and Hussain,
2024). ojg{st £ &ofi CrYet Higat CiYet 37|o| CHAO CHet ZEol H3/HO|
Z2tE(0f HEzot M ZmEd 7tel Aol ZdZ Hdgct O 12 yOoLo11e
OI7[EIME HOELH O RHE2 HESRA Zo|et HH[o| M2t n, s, m, |, x| CHA ZHX]
HYo=Z KSECH 0 & YOLOl1IxE= 71 &2 J=EZE EHOF0 2 dF0N

A& E|RUE.

Backbone

Neck

Head

320x320 (minjé4.meixw) Shortcut=False n=3xd
*
S0x80 (min2 56 mcinw)
160160 (minl 1 25 mcxw)
C3K2 »  Concat -
- - 40x40 (min}S 12 melxw)
Shorteut=Faive n=3xd BOxBO (muni256,mcixw)
¥
Conv
Shortcat=False s=3xd
S0x80 fmin 256 mcixw) Upsample TOTCH=E, Alse Bmox
A0x40 fniint5 12 micxw)
Shortcut=False n=6xd 260%26 (min/1024.mckw)
f C3K2 ¢ )
Shortevi=False n=3xd
40x46 Gnig 512 mcxw)
+
shortent=True n=6xd 40x40 (nin512.meixw) 20520 (min 1024 mew)
" < RS
Detee
! b etec
20%20 {nin| 1024 moixw) Upsample C3K2
¥ SPFF 2020 (o 1024 kW) Shorfeut=False n=3xd
R
Shoricu=Tme n=3xd C2PSA

a2 1. YOLO11 23| X2k
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= =
st EE2 batch size 16, &3 O|O|X| 37| 640x6402= Z|Cf 300 OfZ=3 =S¢t
SHUERUCL olxz3E= 2 Z|ZH2 20|5tH, batch sizes °F Z3AE FHSte= 4
HHEOM ALEEl= =T O|0|X| =& L{EHCE ntAetE HX[5H7| s =7 S5 7|t
HOlE ZZ0| HEEQUCH Y ZHE patienceE 10022 MM T mAPZF 100 O =3
SO BIISHX| Y8 [ 5

7] ZREUCL 6702 optimizer T Y MEZS Sl local
M1 W2 $£HZ EO|= stochastic gradient descent (SGD)

optimalf HtE [&o] H =
FSOtRCH (28 2). 28 AEOM &= ZHX| OOl & YWEQ

optimizer& X &30
Albumentation(Buslaev et al, 2020)2} Mosaic Augmentation(Austrheim et al., 2014)0]
HEEL[RUCE Albumentation HE2 =% HH, HY =f/ZA HSV (Hue, Saturation,
Value) 342 Z&$CHBuslaev et al, 2020). O] RES9| A3 ZSHES Rocky Linux 8
298 HHE 7|82 s, £ 49| Intel Xeon Gold 6326 CPU, 87i2| 64 GB REG.ECC
DDR4 SDRAM, % 24G MZ2[E & Nvidia RTX A5000 12T 7IEE ARE%ICE A
Z2M2 Python 3.11.3, CUDA 12.2, cuDNN 8.9.3, Pytorch 2.0.12 7|EI2& 3iCt ZE
A Z2IW2 Anaconda ZEZLEE ALETH 7t 2HE0AM ZAZACH A Z2 WO
2ot I{7|X|= PyPl, SciPy, PytorchOlA ZpA et Aol FHHQl s dAl0| =X
AX|SHRCE

o0 — ==

d

% 2. Stochastic gradient descent(SGD) optimizer 2|, #ZtM: SGD optimizer &
st 2o, A-M: YEHNQl otE ALt
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3. 23 85 87t

2 IEOAM 2= 52 M 7HA|

Iig

A g+E AESHY EL|E1E'E|910|:H Zt
=4 g+ validation setO|A HZIE[QICE O] &4 T+
XHolE Aoty FRot mEME XNI5tH, O|F Sl
ZPstn Hs2 MMHE £ UChJocher and Qiu, 2024). Complete intersection over
union(CloV) loss (LClol)2 predicted bounding boxes2t ground truth bounding boxes
7to] E2YX|E FHFoICE Ol CloU ARE 7|H._*9§ AAE|H, bounding box?| FH
0, oA S U9 AHz|, SYHE n8stct O &4 A XE 2P
715ttd =2 X 25E mi2Elz HESI0 Hrob FEStD otE™el A fX] X|FHE
[ LE3HCHZheng et al, 2020). Classes loss (Lc/s)2 EFX| = 24 M2
LIEFRACE Ol ZF AM7F AFE FolEl Zefa T StLtof| F2ts| g3 s 2ot
Distributed Focal loss (Ldf)2 bounding box Z|H0| M&%EICt bounding box X

Ol&Fste 7|E it 2|, Ldfi2 discrete box offsetd]| CHPH &HE 2EE OfFSiCt O]
HOE2 D=0l fIX X[Fe| 2=MEe =&Y = UA 50 27 FHEE A7
LclsRt Ldfi B5 cross-entropy S0 Z|BHSHX|EE O Fgh2 CHELE [cse AH 3O
Ciot #& CFF 2 275 FdSt= B (Jocher and Qiu, 2024), Ldffi2 7t&
cross-entropy £4& AME3I0] discrete distribution ZHEZS Eo A£HQl bounding
box ZIHE 3| SICHLI et al., 2020). LCloUR] A4t B™A (10 ™=l intersection
over union(loU) X|HEOA LFHERACH, O{7[M GRF P= ZtZ ground-truth bounding box

::
ot

2 predicted bounding boxZ LIEHHCE = F HtA 7to| Z2H| A& Y E HYsHH,
284 20M Fe LU O7|M w2 = ground-truth bounding box2| L{H|QF
=0|& LtEtLHD, w9t nE predicted bounding box@| LH|Qt =0|5 2tz LIEFHCE
07 o= YEA )2 AESHH Z2EE #F =d R/20[0h [dot= EEA 4)E
AMEDSHY AMERALH, 07| d= F 222l SHE M09 HE|E, o= F #2E BEF
Zotote JHY A2 E #Ao| ofZf4d ZO|E LtEHHLE
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GNP
loU= GUP (1)
_4 tanC — aretan— i (2)
V= 772 arctan hgt arctan h
1%
@ (1—IloU)+v (3)
d2
LCloU=1—10U+ —+aw (4)

C

2 apy g

mjo

220t 2, test setg A EE HS5S precision, recall, * mean
Average Precision (MAP)E HI7IULCE precisions WEHAGE ALz ZEO| Hg|
AlESE AN OF2 HIE2 FYTCE recall2 YHA(RLE AHAMEH ZEO| HA Y
AEl & "es| ©HX3H HE2 LtEtlle ohE, ™A @)D 20| ALtElE Average
precision(AP)= H™EA@)0f M2} AHAEH, n2 dataset] & 24K =2 oJO|SICt APE
precisiond} recall® ¥ U t.'_fO‘?ﬂE X|EZ, precision-recall &M ofzf HHEZ
85t AH EX R 2F BHE ZF XL mAP= HEAERBE AHESHO
ALAEIRUCE 7| Q= dataset?| & FHe| =F LIEILHD, APg)= & FHEl qol CHSE AP
g5 oOjettt. & AF0ME & 7HX HES mAPE E7tCE mAP0O.52F mAP0.5-0.95.
HAt= 2FE loU BALU 055 AHESIH, 2Xt= 0.501M 0.957HX[2] 02 loU &A L0
Cist B@2 ALSICE loU= ground truth bounding boxes?t 22 0| 0 &3t predicted
bounding boxes 72| & H|ES H|WI] true positives Z™SIE O ALSL|QUCt L3

odo| B2 Mug AZU3S7|] 8 confusion matrix2 LFEFLY QALY

Mot

0 1> ox

ol=|

True Positive
True Positive + False Positive

)

Precision =

True Positive
(6)

Recall = True Positive + False Negative

r=n—1
Average Precision (AP) = E {Recall(z)— Recall(x + 1)} X Precision(z) (7)
=0

EQDAP(CI) (8)

mean Average Precision (mAP) = %
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= S2t2| train lossOfl Chet gt& EOIELL LCloU, Lcls Ldffl
dadstn PYHoz HOIRALL LCoURt2 3.15955001M  A|%f5H0]
SF 2}

RE X&XMoz
0.2489192| Zto 2 £ESIALCt [c/sTtS 4780630 M A|ZEHSHO] 0.14919| o2 £=HSIAULCH

LdfRt2 420184004 A|ZtS510] 0.846152] (2= =TSIRALCt. 300812| epoch & 295
epoch 20| 7t& %Xl d&52 EUCL XAl epochOAM train lossit2 LCloUOIM
0.25938, Lc/sOlA 0.15562, LdfPIA 0.848762| 4f= EFILCH

A) B) s-
4=
- .
Q N -
et 2
1-
1=
| | [} 1 | 1 | 1
0 100 200 300 0 100 200 300
Epoch Epoch
9
4=
S
=
2 -
1-
[} [}
0 100 200 00
Epoch

g 3. 29 sk 7|7t 3¢ BIHE train loss 4. A) Complete intersection over union

loss (LClol), B) Clsses loss (Lc/s), C) Distributed Focal loss (Ldf).
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O 42 28 Y S929| validation lossOl Cist 2t8 EOIECt LCloU, Lcks, Ldfl
M9 3 BE X&ZXHCER st AFPMOR SHIIRALCE LCoUZrS 2.928170A
AIZSH0] 0544882 ¢ 2 +HBIRUACL Lolstte 6.0794101M AIZISIO] 0.314299] gtz

SRASIACL  [dfRES 4.1939400A  A|ZSI0]  1.043759| 22 $=HSIQUCE AH<|

epochO| A validation loss@t2 LCloUO|A 0.5471, LclsOlAM 031597, LdfPiM 1.062772]

Uus ER/ULL
A) - B) |
2 4
o 2
S =2
3] S
~

Epoch Epoch

Epoch
a8 4 2E otE 7|7 SO HIHE validation loss 44, A) Complete intersection over
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No. =3 Precision Recall mAP0.5 mAP0.5-0.95
1 SUAS 0.969 0.985 0.992 0.908
2 Ao{H= 0.954 0.899 0.949 0.832
3 SI=RH=EAS 0.955 0.941 0.969 0.828
4 2|HFH 0.951 0.918 0.967 0.880
5 =22|tE2HiAS 0.977 0.952 0.979 0.844
6 aF=TA= 0.922 0.901 0.943 0.821
7 ‘=0 0.922 0.833 0.954 0.818
8 NG 0.982 0.909 0.968 0.874
Total 0.954 0.917 0.965 0.851
Precision-Recall Curve
1.0 .
0.8
0.6
=
o
P —— Chelydra serpentina 0.992
0.4 4 Macrochelys temminckii 0.949
—— Mauremys sinensis 0.969
—— Pseudemys concinna 0.967
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0.2 - —— Trachemys scripta 0.943
' Mauremys reevesii 0.954
—— Pelodiscus sinensis 0.968
m— 3|l classes 0.965 MAP@0.5
0.0 T ‘ : T |
0.0 0.2 0.4 0.6 0.8 1.0
Recall
& 5 JEE 2Ol precision-recall curve
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