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/DERUDWRU\ 'HYHORSPHQW RI (XSKDXVLD SDFLILFD /DUYDH

/HDK 5� )HLQEHUJ� &� 7UDF\ 6KDZ�� DQG :LOOLDP 7� 3HWHUVRQ�

�� &RRSHUDWLYH ,QVWLWXWH IRU 0DULQH 5HVRXUFH 6WXGLHV� +DWILHOG 0DULQH 6FLHQFH &HQWHU� ���� 6� 0DULQH 6FLHQFH 'ULYH� 1HZSRUW� 25 �����

�� 1RUWKZHVW )LVKHULHV 6FLHQFH &HQWHU� +DWILHOG 0DULQH 6FLHQFH &HQWHU� ���� 6� 0DULQH 6FLHQFH 'ULYH� 1HZSRUW� 25 �����
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�2XU PHGLDQ WLPHV WR VWDJH DUH JHQHUDOO\ ZLWKLQ WKH UDQJH RI RWKHU

VWXGLHV RI (� SDFLILFD GHYHORSPHQW WLPHV�
�7KHUH LV D YHU\ EURDG UDQJH LQ WKH OHQJWK RI WLPH WKDW LW WDNHV IRU DQLPDOV

LQ WKH VDPH FRKRUW WR UHDFK DQ\ JLYHQ VWDJH�

�&DO\SWRSLV � DQG )XUFLOLD ,,, DSSHDU WR EH WKH ERWWOHQHFNV LQ WKH

GHYHORSPHQW RI (� SDFLILFD ODUYDH�

�2I WKH � FRKRUWV ZKLFK VXUYLYHG ZLWK JRRG QXPEHUV WR WKH MXYHQLOH
VWDJH� RQH �FRKRUW ��� UHDFKHG WKLV VWDJH VLJQLILFDQWO\ IDVWHU WKDQ WKH

RWKHU WZR�

)8785( ',5(&7,216

•Re-do these experiments, 
checking every 4 hours to improve 
data for stages N1-C1.
•Analyze regressions using 
ANCOVA in order to determine 
which slopes differ significantly.
•Carry out the same experiments 
for Thysanoessa spiniferalarvae.
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0HGLDQ 'HYHORSPHQW 7LPH

�GD\V IURP KDWFKLQJ�

%HIRUH RQH FDQ PDNH DVVXPSWLRQV ZKLFK DOORZ IRU XVH RI ILHOG

VDPSOHV WR GHWHUPLQH JURZWK RU PRUWDOLW\ UDWHV� LW LV LPSRUWDQW WR

HVWDEOLVK WKH YDULDELOLW\ LQ GHYHORSPHQWDO SDWKZD\V DQG WLPH WR

VWDJH IRU \RXU SRSXODWLRQ RI DQLPDOV� 7KLV VWXG\ VHUYHV WR FRQILUP

WKH PHGLDQ WLPH DQG UDQJH LQ WLPH WR VWDJH IRU WKH GHYHORSPHQW RI

WKH HXSKDXVLLG� (XSKDXVLD SDFLILFD RII WKH FRDVW RI 2UHJRQ� 7KLV
ZDV DFFRPSOLVKHG WKURXJK FDUHIXOO\ PRQLWRUHG ODERUDWRU\ UHDULQJ RI
(� SDFLILFD ODUYDH IURP HJJV WKURXJK WKH MXYHQLOH VWDJH� (� SDFLILFD
JHQHUDOO\ GHYHORSV VHTXHQWLDOO\ WKURXJK � QDXSOLDU VWDJHV� D

PHWDQDXSOLXV VWDJH� � FDO\SWRSLV VWDJHV DQG � IXUFLOLD VWDJHV EHIRUH
EHFRPLQJ D MXYHQLOH� 7KH YDULDELOLW\ LQ SDWKZD\V LV GLVFXVVHG LQ
GHWDLO LQ WKH SRVWHU HQWLWOHG ³9DULDELOLW\ LQ GHYHORSPHQWDO SDWKZD\V RI
LQGLYLGXDO ODUYDO (XSKDXVLD SDFLILFD´ E\ 7UDF\ 6KDZ�

Figure 1 A-D.  Developmental sequences for cohorts of E. pacifica larvae.  A = cohort A, B = cohort 11, C = cohort 42 and D = cohort 43.
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Table 1 .  Median development times for 3 
temperatures. 
Times in gray (8° and 12°C) are from Ross (1981).  
Times for 10.5° (in bold) are from this study.  They 
were calculated from regression lines of the arcsine 
transformed data from a combination of cohorts 11, 
42 and 43.  Range in stage is the time when animals 
were first observed in a stage until most of them had 
passed on to the next stage.  Upper limit of range was 
truncated when fewer than 4 animals remained in a 
stage. ** indicates p < 0.001 for the regression 
equations used to calculate the median times.

Figure 2 . Cumulative frequency curves for E. pacifica larvae.
These curves are based on the combined information from all 
Cohorts except A.

:H FROOHFWHG DGXOW IHPDOH (XSKDXVLD SDFLILFD �� PLOHV RIIVKRUH IURP
1HZSRUW� 2UHJRQ ������¶1�� *UDYLG IHPDOHV ZHUH LVRODWHG LQ �/ MDUV ILOOHG
ZLWK ILOWHUHG VHDZDWHU DQG DOORZHG WR VSDZQ LQ WKH ODERUDWRU\ FROGURRP DW
�����&� $QLPDOV ZHUH NHSW LQ WKH GDUN� H[FHSW ZKHQ WKH H[SHULPHQW ZDV
FKHFNHG� )HPDOHV ZHUH FKHFNHG HYHU\ IHZ KRXUV XQWLO WKH\ VSDZQHG�
DQG HJJV ZHUH FKHFNHG VLPLODUO\ XQWLO WKH\ KDWFKHG� 7KH GHYHORSPHQW RI
IRXU EDWFKHV RI HJJV �$� ��� ��� ��� ZDV PRQLWRUHG IURP KDWFKLQJ WR
MXYHQLOH� 'HYHORSLQJ DQLPDOV ZHUH NHSW LQ VPDOO JODVV FRQWDLQHUV IURP
KDWFKLQJ WR ),, DQG FKHFNHG GDLO\ WR GHWHUPLQH VWDJH RI GHYHORSPHQW�
7KH\ ZHUH PRYHG WR FOHDQ ZDWHU DQG IHG WR H[FHVV GDLO\� 7KH\ ZHUH IHG
D FRPELQDWLRQ RI ,VRFKU\VLV� 5KRGRPRQDV� &KDHWRFHURV DQG +HWHURFDSVD
FHOOV�

:KHQ WKH DQLPDOV PROWHG WR ),,, WKH\ ZHUH LVRODWHG LQ LQGLYLGXDO ��� PO RU
��� PO MDUV DQG FKHFNHG GDLO\ IRU PROWV� 'HYHORSPHQWDO SURJUHVV ZDV
GHWHUPLQHG E\ VWDJLQJ WKH PROWV� $OO PROWV ZHUH UHFRUGHG� HYHQ ZKHQ
GHYHORSPHQWDO VWDJH FRXOG QRW EH GHWHUPLQHG� $QLPDOV ZHUH FKHFNHG
GDLO\ IURP ),,, XQWLO WKH\ UHDFKHG WKH MXYHQLOH �-89� VWDJH� %\ UHFRUGLQJ
WKH WLPH FKHFNHG DQG NQRZLQJ WKH WLPH RI KDWFKLQJ� ZH ZHUH DEOH WR
NHHS WUDFN RI WLPH IURP KDWFKLQJ LQ IUDFWLRQV RI GD\V� :DWHU ZDV FKDQJHG
DQG DQLPDOV ZHUH IHG WR H[FHVV WZLFH SHU ZHHN IURP ),,, WR MXYHQLOH�
6WDJHV ),9 DQG )9 ZHUH FRQVLGHUHG RQH VWDJH LQ WKLV H[SHULPHQW� DV WKH\
FRXOG QRW EH GLVWLQJXLVKHG E\ H[DPLQLQJ WKH PROW�

)RU DQDO\VLV RI GHYHORSPHQW WLPH ZH FUHDWHG FXPXODWLYH IUHTXHQF\ FXUYHV
E\ FDOFXODWLQJ WKH FXPXODWLYH SHUFHQW RI DQLPDOV WKDW ZHUH LQ� RU KDG
SDVVHG WKURXJK� D JLYHQ VWDJH HYHU\ GD\ �SORWWHG LQ )LJXUH ��� 7KHVH
SHUFHQWDJHV ZHUH WKHQ WUDQVIRUPHG ZLWK DQ DUFVLQH WUDQVIRUPDWLRQ �XQLWV
LQ GHJUHHV� VR DV WR PDNH LW SRVVLEOH WR ILW D OLQHDU UHJUHVVLRQ WR WKH FXUYH�
0HGLDQ WLPHV WR VWDJH ZHUH FDOFXODWHG XVLQJ WKHVH UHJUHVVLRQ HTXDWLRQV
WR GHWHUPLQH WKH WLPH ZKHQ ��� RI WKH DQLPDOV KDG UHDFKHG D JLYHQ
VWDJH�
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Figure 3 .  Stage durations for combined cohorts of E. 
pacifica larvae, not including cohort A.  Stage duration 
is defined as time between median development 
times of subsequent stages. Magenta bars represent 
“bottleneck stages.”

Table 2. Regression equations used for determining median time to stage for development of cohorts 11, 42 and 43.  ** indicates p <
0.001
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)LJXUH ��
�6XUYLYDO IURP HJJ WR MXYHQLOH ZDV ��� IRU FRKRUWV ��� �� DQG ��� ,W ZDV �� IRU FRKRUW $

�(JJ KDWFKLQJ ZDV YDULDEOH� FRKRUW $  ���� ��  ���� ��  ���� ��  ���
�7KHUH ZDV UHODWLYHO\ OLWWOH PRUWDOLW\ IURP ),,, WR MXYHQLOH�

�,W LV HYLGHQW IURP WKH ORQJ WDLOV RQ VRPH RI WKHVH FXUYHV WKDW VRPH DQLPDOV OLQJHU IRU H[WHQGHG SHULRGV
RI WLPH LQ FHUWDLQ VWDJHV�
�&RKRUW $ ZDV QRW LQFOXGHG LQ IXUWKHU DQDO\VLV GXH WR KLJK PRUWDOLW\�

)LJXUH ��
� 6WDJH GXUDWLRQ LV ORQJHVW E\ IDU IRU &� DQG ),,,�

�'XUDWLRQ IRU ),9�9 LV LQIODWHG GXH WR WKH FRPELQDWLRQ RI � VWDJHV� WKRXJK QRW DOO LQGLYLGXDOV SDVV
WKURXJK ERWK VWDJHV�

)LJXUH ��
�-XYHQLOH GHYHORSPHQW FXUYHV DUH QRW VLJQLILFDQWO\ GLIIHUHQW IRU FRKRUWV �� DQG ��
�$QLPDOV LQ FRKRUW �� UHDFK WKHLU PHGLDQ GHYHORSPHQW WLPH DV MXYHQLOHV VLJQLILFDQWO\ IDVWHU WKDQ WKRVH LQ
FRKRUWV �� DQG �� GXH WR D KLJKHU VORSH�

7DEOH ��

�5HJUHVVLRQ HTXDWLRQV DUH QRW VLJQLILFDQW IRU 1� RU PHWDQDXSOLXV� DQG DUH
VLJQLILFDQW IRU &� RQO\ LQ FRKRUW ���

�$OO RWKHU HTXDWLRQV VKRZQ DUH KLJKO\ VLJQLILFDQW �S < �������
�$OO FRKRUWV GHYHORS DW D VLPLODU UDWH XS XQWLO WKH ), VWDJH�
�6ORSHV LQ FRKRUWV �� DQG �� GURS DQG VWD\ IDLUO\ FRQVWDQW DIWHU ),,,� WKLV GRHV
QRW RFFXU IRU FRKRUW ���
�0HGLDQ WLPH WR MXYHQLOH LV ��� GD\V IDVWHU LQ FRKRUW �� WKDQ LQ �� RU ���

7DEOH ��

�0HGLDQ WLPHV WR VWDJH IRU DOO IXUFLOLD DQG PRVW FDO\SWRSLV DUH LQ
UDQJH ZLWK WKRVH FDOFXODWHG E\ 5RVV �������

�$ JLYHQ SRSXODWLRQ RI ODUYDH� KDWFKHG RQ WKH VDPH GD\ FDQ
YDU\ E\ QHDUO\ D PRQWK LQ WKH WLPH WR GHYHORS WR MXYHQLOHV� WKXV
PDNLQJ FRKRUW DQDO\VLV GLIILFXOW�

Figure 4. Cumulative frequency curves (arcsine 
transformed) for juveniles of 3 cohorts.  Curves 
have been fit with a regression equation and 99% 
confidence intervals.   90° = 100%, 45° = 50% 


