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INTRODUCTION

One of the most seen and memorable uses of 
O\FRSRG� VSRUHV� LV� LQ� WKH� PRYLH� ³7KH� :L]DUG� RI�
2]´� �0*0�������GXULQJ� WKH� IDPRXV� VFHQH�ZKHQ�
WKH�:LFNHG�:LWFK��DIWHU�WKUHDWHQLQJ�WR�JHW�'RURWK\�
and her little dog too, disappears into a ball of 
RUDQJH�UHG�GXVW�DQG�¿UH��7KH�FORXG�RI�GXVW�LV�G\HG�
Lycopodium� VSRUHV��+RZHYHU�� WKH�NQRZOHGJH� WKDW�
PRGHUQ� O\FRSRG� VSRUHV�ZHUH� ÀDPPDEOH�ZDV� ¿UVW�
noted in the Victorian Era. Spores were referred 
WR�DV�³YHJHWDEOH�VXOIXU´�EHFDXVH�RI�WKHLU�H[SORVLYH�
FDSDELOLWLHV�� FRPPRQO\� XVHG� LQ� ¿UHZRUNV�� EXW�
during the same time period the spores were also 
used to coat pills for easier swallowing and for 
GXVWLQJ�EDELHV��OLNH�D�WDOF�SRZGHU���2UWRQ���������

Today, Lycopodium spores are known to be 
KLJKO\� ÀDPPDEOH� �VHH� WKH� 0DWHULDO� 6DIHW\� 'DWD�
Sheet), as is typical of airborne organic particulates 
�3URXVW� ������ YDQ� GHU� :HO� ������ .UDXVH� DQG�
.DVFK� ������� )RU� H[DPSOH�� ZKHQ� .UDXVH� DQG�
.DVFK��������H[DPLQHG�GLIIHUHQW�NLQGV�RI�RUJDQLF�
GXVW�� FRQFHQWUDWLRQ� SDUWLFOHV�� DQG� ÀRZ� YHORFLW\��

Lycopodium�SRZGHU�KDG�D�JUHDWHU�EXUQLQJ�YHORFLW\�
WKDQ�ZKHDW�ÀRXU�RU�FRUQVWDUFK��Lycopodium spores 
(10 µm) were smaller than either of the other two 
PDWHULDOV� WHVWHG� ���� �P�� EXW� WKH� FDORULF� YDOXH�
ZDV� DSSUR[LPDWHO\� ���� WLPHV� KLJKHU� �������� N-�
kg) which resulted in the smallest approximate 
DFWLYDWLRQ� HQHUJ\� QHFHVVDU\� RI� WKH� WKUHH� RUJDQLFV��
As a result, Lycopodium powder has the fastest 
EXUQ�UHDFWLRQ��.UDXVH�DQG�.DVFK�������DQG�LJQLWHV�
at lower temperatures than other organic standards 
�0LQW]��������$GGLWLRQDOO\��DV�VSRUH�FRQFHQWUDWLRQV�
LQFUHDVH��ÀDPPDELOLW\�GHFUHDVHV�VKRZLQJ�WKHUH�DUH�
XSSHU�OLPLWV�WR�LJQLWLRQ��3RZHOO��������7RGD\�PDQ\�
chemistry departments use Lycopodium spores 
to demonstrate the power of organic burns (for 
DQ� H[DPSOH� VHH� 1RUWK� &DUROLQD� 6WDWH� 8QLYHUVLW\�
Lecture Demonstrations).

:KLOH�WKH�EXUQ�SURSHUWLHV�RI�Lycopodium spores 
KDYH�EHHQ�ZHOO�VWXGLHG��YHU\�OLWWOH�FRQVLGHUDWLRQ�KDV�
EHHQ�JLYHQ�WR�WKH�HIIHFWV�RI�EXUQLQJ�RQ�Lycopodium 
SODQWV�WKHPVHOYHV��Lycopodium and other lycopods 
DUH� D� UHODWLYHO\� PLQRU� FRPSRQHQW� RI� PRGHUQ 
ÀRUDV�� WKH� JURXS� ZDV� PXFK� PRUH� DEXQGDQW� DQG�

-HIIHUVRQLDQD��1XPEHU����SS���±�
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ABSTRACT

Lycopodium� LV�D�FRPPRQO\� LJQRUHG�SODQW� LQ� WKH� IRUHVW�XQGHUVWRU\�DQG� LQ�¿UH�HFRORJLFDO� VWXGLHV� LQ�
VSLWH�RI�WKH�ZHOO�GRFXPHQWHG�H[SORVLYH�QDWXUH�RI�WKHLU�VSRUHV���7KHUHIRUH��LQ�RUGHU�WR�XQGHUVWDQG�KRZ�¿UH�
may affect Lycopodium��EXUQ�VWXGLHV�ZHUH�FDUULHG�RXW�RQ�YDU\LQJ�VSRURSK\WH�OLIH�F\FOH�VWDJHV���6WURELOL�
H[KLELWHG� YDU\LQJ� GHJUHHV� RI� VSRURSK\OO� RSHQLQJ� DQG� FORVLQJ� LQ� UHVSRQVH� WR� WKH� EXUQLQJ� DQG� DJH�ZDV�
directly correlated to the length of the burn.  Spores that were burned and plated on axenic media showed 
D�GHFUHDVH�LQ�JHUPLQDWLRQ�WLPH��IURP���PRQWKV�WR���ZHHNV��DIWHU�EHLQJ�VXEMHFWHG�WR�¿UH���%H\RQG�SURYLGLQJ�
EDVHOLQH�XQGHUVWDQGLQJ�RI�WKH�HIIHFWV�RI�¿UH�RQ�Lycopodium�DQG�LWV�UHSURGXFWLRQ��WKHVH�VWXGLHV�DOVR�SURYLGH�
FOXHV�DERXW�WKH�SRVVLEOH�UROH�RI�¿UH�LQ�3DOHR]RLF�IRUHVWV��

*5RDQRNH�&ROOHJH��'HSDUWPHQW�RI�%LRORJ\������&ROOHJH�/DQH��6DOHP�9$�������
**9LUJLQLD�0XVHXP�RI�1DWXUDO�+LVWRU\�����6WDUOLQJ�$YHQXH��0DUWLQVYLOOH�9$������
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GLYHUVH�GXULQJ�WKH�ODWH�3DOHR]RLF�(UD��DQG�LQFOXGHG�
numerous arborescent forms (Frankenberg and 
(JJHUW� ������ 7KRPDV� DQG�:DWVRQ� ������ 6WHZDUW�
�������$V� WKH� SHDN� RI� O\FRSRG� GLYHUVLW\� RYHUODSV�
ZLWK� WKH� RULJLQ� DQG� HDUO\� GLYHUVL¿FDWLRQ� RI� ¿UH�
DGDSWHG�J\PQRVSHUPV��IXUWKHU�H[DPLQDWLRQ�RI�¿UH¶V�
impact on extinct lycopods may shed some further 
OLJKW�RQ�WKH�RULJLQV�RI�¿UH�HFRORJ\��

7RGD\��¿UH�KDV�D�VWURQJ�UROH�LQ�KDELWDW�HFRORJ\��
It can not only modify wildlife conditions and 
alter the number of trees susceptible to disease 
DQG� LQVHFWV�� EXW� LW� FDQ� DOVR� LQÀXHQFH� YHJHWDWLRQ�
types and ages and it impacts the nutrient cycles 
DYDLODEOH�WR�SODQWV��.LOJRUH��������0RGHUQ�VSHFLHV�
XVH� ¿UH� WR� LQGXFH� JHUPLQDWLRQ� RI� WKLFN�VNLQQHG�
seeds (e.g. Ceanothus, Arctostaphylos, and Rhus) 
�'DXEHQPLUH�������.DXIIPDQ�DQG�0DUWLQ��������,Q�
other plants, like Pinus VS��¿UH�LQGXFHV�UDSLG�JURZWK�
DQG� GHYHORSPHQW� �'DXEHQPLUH� ������ .DXIIPDQ�
������3HUU\�������ZKLOH�RWKHUV�KDYH�¿UH�UHVLVWDQW�
IROLDJH� DQG� EDUN� �3KLOSRW� ������ 1RUG� DQG� *UHHQ�
�������*LYHQ�WKH�H[SORVLYH�QDWXUH�RI�O\FRSRG�VSRUHV�
DQG� WKDW� O\FRSRG� GLYHUVLW\� SHDNHG� VLPXOWDQHRXVO\�
ZLWK� WKH� RULJLQV� RI� J\PQRVSHUP�¿UH� HFRORJ\�� WKH�
SUHVHQFH�RI�¿UH� DGDSWDWLRQV� LQ� O\FRSRGV�PLJKW� EH�
expected.

MATERIALS AND METHODS

Developmental Stage Determination

:KROH� SODQWV� RI� Lycopodium digitatum (Dill) 
[pseudoname /\FRSRGLXP� ÀDEHOOLIRUPH (Fern.) 
Blanch] were collected IURP�:LOGHUQHVV�$GYHQWXUHV�
at Eagle Landing in New Castle, Virginia, from 
September to October 2010.  Plants were examined 
DQG�SKRWRJUDSKHG�XQGHU�D�/HLFD�(=�'�PLFURVFRSH�
with a built-in camera before they were burned to 
determine different life cycle stages. Young stage 
VWURELOL� KDG� JUHHQ� XQRSHQHG� VSRURSK\OOV� �OHDYHV��
that were held tightly together in a cone shape with 
no spores exposed or the sporophylls were slightly 
SXOOHG�EDFN��UHYHDOLQJ�VPDOO�QXPEHUV�RI�VSRUHV��7KH�
stems had a dark green color. Mature stage strobili 
had sporophylls pulled back, exposing intact or 
open spore capsules with large numbers of spores.  
0DWXUH�VWHPV�VWLOO�KDYH�WKH�GDUN�JUHHQ�FRORU�EXW�WKH�

tips of the sporophylls were turning brown. Old 
stage plants had the strobili sporophylls completely 
opened, intact spore capsules were absent (because 
WKH\� KDYH� IXOO\� RSHQHG� DQG� WKH� VSRUHV� KDYH� EHHQ�
released), and the stems had a yellow-green to 
brown color.   

Burning experimentS

After determining strobili life stage, the strobili 
tips were burned.  The stems were placed in forceps, 
with the strobili untouched. The strobili were then 
SDVVHG�WKURXJK�WKH�ÀDPH�RI�D�FLJDUHWWH�OLJKWHU��2QFH�
WKH�VWURELOL�WLS�FDXJKW�¿UH��WKH�ÀDPH�ZDV�UHPRYHG�
DQG�WKH�SODQW�ZDV�DOORZHG�WR�EXUQ�XQWLO�WKH�¿UH�ZHQW�
out. Life stage and the burn distance were noted.  
Burned plants were examined and photographed 
XQGHU� WKH� /HLFD� (=�'� PLFURVFRSH�� 7KLV� SURFHVV�
ZDV�UHSHDWHG�RQ���SODQWV�DW�HDFK�OLIH�VWDJH�GHVFULEHG�
(10 trials for each life stage).

Culture 

After burning, the spores were plated on 
lycopodium culture, with or without the inclusion of 
D�P\FRUUKL]DO�FRPSRQHQW��DV�GHVFULEHG�E\�:KLWWLHU�
HW� DO�� ��������$IWHU� VSRUHV� ZHUH� VKDNHQ� RQWR� WKH�
SODWHV�� WKH� SODWHV� ZHUH� LQGLYLGXDOO\� ZUDSSHG� LQ�
aluminum foil and stored in a drawer for darkness 
DV� VXJJHVWHG� E\� :KLWWLHU� HW� DO�� �������� &XOWXUHV�
were inspected for growth weekly underneath the 
GLVVHFWLRQ� /HLFD� (=�'� PLFURVFRSH� DQG� SLFWXUHV�
were taken. Once growth was found, the spores 
were kept in darkness for an additional week and 
then transferred to the growth culture chamber as 
GHVFULEHG�E\�:KLWWLHU�HW�DO�����������

RESULTS

StroBili Burn lengthS: patternS By life Stage 

$IWHU�VHWWLQJ�WKH�WLS�RI�HDFK�VWURELOXV�RQ�¿UH�DQG�
letting it burn out naturally, it was clear that the life 
stage correlates to the total charred length (Table 1). 
<RXQJ�VWURELOL�ZHUH�VWDJHG�EDVHG�RQ�KDYLQJ�FORVHG�
VWURELOL�WKDW�ZHUH�QRW�DFWLYHO\�UHOHDVLQJ�VSRUHV��7KH�
\RXQJ� VWURELOL� EXUQHG� DQ� DYHUDJH� OHQJWK� RI� ���� ��
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����FP��HDUO\�PDWXUH�VWURELOL�ZLWK�RSHQ�VSRURSK\OOV�
DQG�LQWDFW�VSRUDQJLD�EXUQHG�D�GLVWDQFH�RI�����������
cm. Mature strobili, containing open sporophylls, 
QXPHURXV� VSRUHV� SUHVHQW�� EXW� ODFNLQJ� REYLRXVO\�
intact sporangia, burned the greatest length at 2.7 
�� ���� FP�� &RPSOHWHO\� DEVHQW� RI� VSRUHV�� WKH� ROG�
strobili burned down completely to the sporophyte 
DW� DSSUR[LPDWHO\� ���� �� ���FP� LQ� OHQJWK��(DFK� VHW�
of measurements resulted from a mean of at least 
���VWURELOL�EXUQV�RI�HDFK�OLIH�VWDJH�IURP���GLIIHUHQW�
SODQWV� �� VWDQGDUG� HUURU� RI� EXUQ� WRWDO� GLVWDQFH�
calculations.

oBServationS on StroBiluS appearanCe  
after Burning

After strobili were burned the sporophylls 
reacted differently depending upon life stage. 
Young stage strobili had tightly closed sporophylls 
prior to burning but post-burn the sporophylls 
RSHQHG�VOLJKWO\�LQ�WKH�DUHDV�PRVW�VHYHUHO\�EXUQHG��
but the end edge of the burn had sporophylls that 
UHPDLQHG� RSHQ�� HYHQ� LI� VOLJKWO\� EXUQHG�� WR� UHYHDO�
fresh spores. The sporophylls directly under the 
burn edge remained tightly closed. Early mature 
stage strobili show a different sporophyll pattern 
SULRU� WR� EXUQLQJ�� VSRURSK\OOV� ZHUH� RSHQ� DQG�
VSRUDQJLD� ZHUH� YLVLEOH� EXW� QRW� DFWLYHO\� UHOHDVLQJ�
VSRUHV�� � 3UHYLRXVO\� RSHQHG� VSRURSK\OOV� EXUQHG�
IURP� WKH�DSH[�RI� WKH� VSRURSK\OO� LQZDUG�� WKH�PRVW�
VHYHUHO\� EXUQHG� VSRURSK\OOV� FORVHG� WLJKWO\� GXULQJ�
burning but those on the edge of the burn remained 
open. Exposed sporangia that were still exposed 
post-burn, experienced slight charring but began 

Table 1:  The burn distance of each life stage strobili from 
Lycopodium digitatum. Each distance represents at least 10 
SODQW�WULDOV���VWDQGDUG�HUURU�

Developmental Stage Burn Distance from Tip

Young ����������FP

Early Mature ����������FP

Mature ����������FP

Old ����������FP
Re-burn and  
Dried of Mature ����������FP

UHOHDVLQJ� VSRUHV�� WKLV� LV� VKRZQ�E\� WKH� VSOLWWLQJ�RI�
WKH� VSRUDQJLXP�DQG� LQGLYLGXDO� VSRUHV�� ,I� DQ� HDUO\�
mature strobilus sporophyll did not experience direct 
EXUQLQJ�LW�GLG�QRW�FKDQJH�LWV�SRVLWLRQ��QRQ�FKDUUHG�
sporangia did not release spores. Mature strobili 
were represented by the absence of intact sporangia 
and the presence of numerous spores. Mature stage 
strobili showed similar reactions to burning as the 
HDUO\� PDWXUH� VWURELOL�� WKH� PRVW� GDPDJHG� VSRUHV�
were retained by sporophyll closure while spores 
found at the edge of the burn were still released. 
Unlike the other three stages, the old stage strobili 
EXUQHG�WKH�HQWLUH�GLVWDQFH�RI�WKH�UHSURGXFWLYH�RUJDQ�
DQG�WKH�EXUQHG�VSRURSK\OOV�GLG�QRW�FORVH�DV�WLJKWO\��
no spores were present prior to burning trials. 

tiSSue Culture experimentS

It has been suggested that growing Lycopodium 
VSRUHV�LQ�WKH�GDUN�ZLOO�GHFUHDVH�JURZWK�WLPH�IURP�����
months to as little as 3 weeks, depending on species 
�:KLWWLHU�HW�DO���������7KHUHIRUH��RQFH�VWURELOL�ZHUH�
burned, spores from each life stage were placed in 
WLVVXH�FXOWXUH�DV�GHVFULEHG�E\�:KLWWLHU�HW�DO����������
2I� HDUO\�PDWXUH� VSRUHV�SODWHG�RQ� WKH�P\FRUUKL]DO�
VXSSRUWLYH� RU� QRQ�VXSSRUWLYH� FXOWXUH� PHGLD� SRVW�
burn, 30% germinated in 3 weeks when placed in 
WKH�GDUN��D�WRWDO�RI�����JHUPLQDWHG�LQ�RQH�PRQWK��
(DUO\�PDWXUH�VSRUHV�ZHUH�WKH�RQO\�RQHV�WR�GHYHORS�
after a burn.

DISCUSSION
:KLOH�Lycopodium�VSRUHV�DUH�KLJKO\�ÀDPPDEOH��

WKH�SODQW�LWVHOI�LV�QRW��(YHQ�WKH�VWURELOXV�LV�UHVLVWDQW�WR�
ignition until it has actually opened. Spores appear 
WR�UHPDLQ�YLDEOH�HYHQ�DIWHU�WKH�VWURELOXV�FRQWDLQLQJ�
WKHP�KDV�EXUQHG��0RUHRYHU��RXU�¿HOG�REVHUYDWLRQV�
suggest that plants seem to stagger spore release, 
so that large numbers of strobili may not typically 
EH� RSHQ� VLPXOWDQHRXVO\�� 7KH� ¿UH� UHVLVWDQFH� RI�
Lycopodium is most likely due to presence of 
lignin and possibly other chemical or physical 
FKDUDFWHULVWLFV�� &RPSDUDWLYH� ELRFKHPLFDO� VWXGLHV�
of lignin indicate that modern Lycopodium has a 
gymnospermous-type lignin while other lycopods 
SURGXFH�PRUH�DGYDQFHG�OLJQLQ�SUHFXUVRU�FRPSRXQGV�
�7RZHUV�DQG�0DDVV�������:KLWH�DQG�7RZHUV�������
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:KLWH�HW�DO��������/RJDQ�DQG�7KRPDV�������
Upon initial burning experiments, the lengths 

that different age plants burned were statistically 
GLIIHUHQW�� VXJJHVWLQJ� WKDW� GHYHORSPHQW� DQG� WKH�
ability to burn are related. It appears that youngest 
plants with the most immature spores were the 
PRVW�¿UH� UHVLVWDQW�EXW�DV� WKH�SODQW�DJHG�� WKH�SODQW�
burned to longer lengths. Additional studies should 
GHPRQVWUDWH� ZKHWKHU� WKH� KLJKHU� ¿UH� UHVLVWDQFH� RI�
\RXQJHU�SODQWV�LV�GXH�WR�JUHDWHU�K\GUDWLRQ�OHYHOV�RU�
some ontogenetic physiological change.

Lycopodium�KDV�SURYHQ�WR�EH�D�GLI¿FXOW�SODQW�WR�
FXOWXUH��$�ORQJ�VHULHV�RI�H[SHULPHQWV��:KLWWLHU�������
������ ������:KLWWLHU� DQG�:HEVWHU� ������ 3HWHUVRQ�
DQG� :KLWWLHU� ������ 0DGHQ� HW� DO�� ������ :KLWWLHU�
HW� DO�� ������ JUHDWO\� H[SDQGHG� WKH� XQGHUVWDQGLQJ�
of germination requirements for Lycopodium. 
Through these studies germination times were 
UHGXFHG� IURP� VHYHQ� \HDUV� WR� WKUHH�ZHHNV� WKURXJK�
increased understanding of basic axenic culture 
QXWULHQWV� DQG� SRVVLEOH� P\FRUUKL]DO� V\PELRQWV��
Different species of Lycopodium show substantially 
GLIIHUHQW�JHUPLQDWLRQ�WLPHV�XQGHU�JLYHQ�FRQGLWLRQV��
$FFRUGLQJ� WR� :KLWWLHU� ������� L. deuterodensum 
germinates in 3 weeks in the dark in an axenic 
culture, while L. clavatum germinates in 3 months 
and L. digitatum�JHUPLQDWHV�LQ���PRQWKV�XQGHU�WKHVH�
FRQGLWLRQV��$OO�WKUHH�WD[D�KDYH�VXEVWDQWLDOO\�ORQJHU�
germination times (> 1 year) when exposed to light.

After being burned, germination times for L. 
digitatum spores in this experiment were reduced 
IURP���PRQWKV�WR�DV�OLWWOH�DV�����ZHHNV��7KLV�VXJJHVWV�
that Lycopodium�PD\�KDYH�D�GHYHORSPHQWDO�UHVSRQVH�
WR� ¿UH� VLPLODU� WR� WKDW� VHHQ� LQ� VRPH� J\PQRVSHUPV�
�'DXEHQPLUH�������.DXIIPDQ�������3HUU\�������

impliCationS for the evolution of lyCopoDS

Lycopodium�DSSHDU� WR�KDYH�VHYHUDO�¿UH�UHODWHG�
DGDSWDWLRQV��LQFOXGLQJ�JHQHUDO�¿UH�UHVLVWDQFH�RI�WKH�
VSRURSK\OOV��¿UH�LQGXFHG� UHVSRQVHV� LQ�VWURELOL�� DQG�
LQFUHDVHG� VSRUH� GHYHORSPHQW� UDWHV� DIWHU� EXUQLQJ��
*LYHQ� WKHVH� DGDSWDWLRQV�� LW� LV� SHUKDSV� VXUSULVLQJ�
that modern Lycopodium� GRHV� QRW� VHHP� WR� KDYH�
DQ\� SDUWLFXODU� ¿UH�UHODWHG� DVVRFLDWLRQV�� HLWKHU� LQ�
HQYLURQPHQW� RU� DVVRFLDWHG� VSHFLHV�� DQG� LW� LV� QRW�
JHQHUDOO\�FRQVLGHUHG�WR�EH�LPSRUWDQW�LQ�¿UH�HFRORJ\��

7KLV�VXJJHVWV�DQ�HDUOLHU�HYROXWLRQDU\�RULJLQ�IRU�¿UH�
UHVLVWDQFH�� UDWKHU� WKDQ� DQ� DGDSWDWLRQ� VSHFL¿F� WR�
Lycopodium.

:KLOH�DOO�PRGHUQ�O\FRSRGV�DUH�VPDOO�SODQWV��WKLV�
has not been true through their entire history, with 
some Carboniferous lycopods exceeding 30 m in 
KHLJKW� �7KRPDV� DQG�:DWVRQ� ������� 2UWRQ� �������
noted that the extinct Lepidodrendron produced 
large quantities of spores, so much so that entire 
seams of high quality coal are almost entirely made 
RI�XS�RI�WKHVH��:LWK�WKHVH�JLDQW�O\FRSRGV�SURGXFLQJ�
ODUJH� QXPEHUV� RI� SRWHQWLDOO\� H[SORVLYH� VSRUHV��
¿UH� PD\� KDYH� EHHQ� DQ� LPSRUWDQW� FRPSRQHQW� LQ�
Carboniferous terrestrial ecosystems.

The lack of modern arborescent lycopods 
presents a challenge when attempting to interpret the 
HFRORJ\�RI�IRVVLO�IRUPV��7KH�FORVHVW�OLYLQJ�UHODWLYH�
to the ancient arborescent lycopods is generally 
considered to be the quillwort Isoetes (Taylor et al. 
�������D�KLJKO\�VSHFLDOL]HG�DTXDWLF�IRUP�WKDW�KDV�D�
VPDOO�QXPEHU�RI�HORQJDWH�OHDYHV��QR�VWURELOXV��DQG�
which releases its spores below the water. For these 
UHDVRQV� ZH� EHOLHYH� WKDW� Isoetes is a particularly 
poor ecological model for arborescent lycopods. In 
contrast, Lycopodium releases its spores into the air 
IURP�D�GLVWLQFW�VWURELOXV��VR�LW�PD\�SURYLGH�D�VXSHULRU�
�LI�LPSHUIHFW��PRGHO�IRU�DUERUHVFHQW�O\FRSRGV�HYHQ�
though it is more phylogenetically distant than is 
Isoetes.

Microspore samples from Lepidostrobus� KDYH�
EHHQ� UHSRUWHG� WR� EH� EHWZHHQ� ������ �P� LQ�ZLGWK��
ZLWK� WKH� DYHUDJH� DURXQG� ��� �P� �%DOEDFK� ������
7D\ORU� DQG� (JJHUW� ������:LOODUG� ����D�E�� 5DLQH�
�������LQ�FRQWUDVW��PHJDVSRUHV�KDYH�EHHQ�UHSRUWHG�
WR� EH� KXQGUHGV� RI� PLFURPHWHUV� �3KLOOLSV� ������
yet the sporangium-sporophyll unit does appear 
WR� EH� VSHFLDOL]HG� IRU� ZLQG� DQG� DTXDWLF� GLVSHUVDO�
�'LPLFKHOH�DQG�3KLOOLSV��������7KLV�PLFURVSRUH�VL]H�
is comparable to that of Lycopodium, and suggests 
that Lepidostobus� VSRUHV� PD\� KDYH� EHHQ� MXVW� DV�
VXVFHSWLEOH� WR� LJQLWLRQ� �3URXVW� ������ YDQ� GHU�:HO�
������.UDXVH� DQG�.DVFK� ������&DVKGROODU� �������
$�SRWHQWLDO�FRQWULEXWLQJ�IDFWRU�WR�WKH�ÀDPPDELOLW\�
of Lycopodium spores appears to be their high oil 
FRQWHQW��/DQJHU��������&OLQH��������7XOORFK���������
Interestingly, this high oil content may result in the 
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VSRUHV�EHLQJ�K\GURSKRELF�DQG�EXR\DQW��&OLQH��������
%DOLFN�DQG�%HLWHO��������HYHQ�WKRXJK�Lycopodium is 
QRW�JHQHUDOO\�DVVRFLDWHG�ZLWK�DTXDWLF�HQYLURQPHQWV��

)UHTXHQW�&DUERQLIHURXV�ZLOG¿UHV�DUH�VXJJHVWHG�
by the presence of abundant charcoal during 
this time (Falcon-Lang et al. 2001). During the 
Carboniferous atmospheric oxygen content was 
DV� KLJK� DV� ����� ZKLFK� PD\� KDYH� FRQWULEXWHG� WR�
ZLOG¿UHV��%HUQHU�HW�DO��������%HUQHU�HW�DO����������
/LJQLQ� FRQFHQWUDWLRQV� DUH� DOVR� WKRXJKW� WR� KDYH�
increased during the Carboniferous across multiple 
lineages, although they subsequently decreased 
due to an increase in lignin-degrading organisms 
�5RELQVRQ� ����D�� E��� VXJJHVWLQJ� DQ� HYROXWLRQDU\�
UHVSRQVH�WR�DQ�LQFUHDVH�LQ�ZLOG¿UHV��:LOGPDQ�HW�DO��
����� Schwilk and Ackerly 2001).

The wetlands settings in which many arborescent 
O\FRSRGV� DUH� IRXQG� ZRXOG� KDYH� SURYLGHG� RQO\�
OLPLWHG�SURWHFWLRQ�IURP�¿UHV��)LUHV�DUH�D�VLJQL¿FDQW�
SKHQRPHQRQ� LQ� PRGHUQ� ZHWODQGV� HQYLURQPHQWV��
HVSHFLDOO\� GXULQJ� GURXJKWV� EXW� VRPHWLPHV� HYHQ�
GXULQJ� ZHW� VHDVRQV� �*DUUHQ� ������ 5ROOLQV� HW� DO��
������� 0RUHRYHU�� WKH� WHUPLQDO� ORFDWLRQ� RI� WKH�
strobili in arborescent lycopods would result in the 
majority of the spores being released at altitudes of 
XS�WR����PHWHUV�DERYH�WKH�VZDPS�

*LYHQ� WKHLU� SRWHQWLDO� H[SORVLYH� TXDOLWLHV� DQG�
WKH� UDGLDWLRQ� RI� ¿UH�SURQH� J\PQRVSHUPV� GXULQJ�
WKH� 3HQQV\OYDQLDQ�� KRZ� GLG� O\FRSRGV� UHDFK� KLJK�
OHYHOV�RI� VXFFHVV�XQGHU� WKHVH�FRQGLWLRQV"�7KH�¿UH�
UHVLVWDQFH� DGDSWDWLRQV� REVHUYHG� LQ� Lycopodium 
suggests a solution to this problem. These features 
PD\� KDYH� GHYHORSHG� LQ� HDUO\� O\FRSRGV� ERWK� DV� D�
PHDQV� RI� SURWHFWLQJ� WKH� SODQW� DJDLQVW� ¿UHV� IXHOHG�
E\�J\PQRVSHUPV�� DQG� WR� SURWHFW� WKHPVHOYHV� IURP�
WKH� H[SORVLYH� QDWXUH� RI� WKHLU� RZQ� VSRUHV��:LWK� DW�
OHDVW�VRPH�OHYHO�RI�¿UHV�EHLQJ�XQDYRLGDEOH��LW�VHHPV�
WKDW� O\FRSRGV� HYHQ� LQFRUSRUDWHG� DGDSWDWLRQV� WR�
WDNH� DGYDQWDJH� RI� ¿UHV�� LQFOXGLQJ� WKH�PRUH� UDSLG�
germination rate of spores after light burning, and 
in dark conditions that could occur under a layer of 
newly-formed ash.

This interpretation of lycopod ecology has 
a number of implications for understanding 

&DUERQLIHURXV�HFRV\VWHPV��7KHUH� LV�VRPH� OHYHO�RI�
segregation between gymnosperms and lycopods in 
WKHVH�GHSRVLWV��ZKLFK�KDV�EHHQ�YDULRXVO\�DWWULEXWHG�WR�
either a preference by lycopods for marshy lowlands 
and by gymnosperms for drier uplands, or that the 
¿UH�HFRORJ\�LQWURGXFHG�E\�J\PQRVSHUPV�SUHFOXGHV�
WKH� H[WHQVLYH� JURZWK� RI� O\FRSRGV�� ,Q� DGGLWLRQ��
Glasspool (2003) noted that lycopods are among 
the rarest components of Carboniferous charcoal 
GHSRVLWV��7KH�¿UH� UHVLVWDQFH�RI� O\FRSRGV� LQGLFDWHV�
WKDW� WKH\�ZHUH� OLNHO\� TXLWH� FDSDEOH� RI� WKULYLQJ� LQ�
IRUHVWV� ZLWK� D� ODUJH� SHUFHQWDJH� RI� ¿UH�DGDSWHG�
gymnosperms, and their absence from these deposits 
PD\�UDWKHU�EH�GXH�WR�DELRWLF�HQYLURQPHQWDO�IDFWRUV�
VXFK�DV�ZDWHU�DYDLODELOLW\��$OWHUQDWLYHO\��JLYHQ� WKH�
¿UH�UHVLVWDQFH�RI� O\FRSRGV� WKHUH� LV�D�SRVVLEOH�ELDV�
DJDLQVW�SUHVHUYLQJ�WKHVH�SODQWV�LQ�FKDUFRDO�GHSRVLWV��
so the scarcity of lycopods in these deposits cannot 
QHFHVVDULO\� EH� WDNHQ� DV� HYLGHQFH� RI� WKHLU� DEVHQFH�
IURP�WKH�OLYLQJ�ÀRUD�LQ�WKRVH�HFRV\VWHPV�

7KH� KLJKO\� ÀDPPDEOH� QDWXUH� RI� O\FRSRG�
spores raises another intriguing possibility. There 
VXUHO\� PXVW� KDYH� EHHQ� RFFDVLRQV� ZKHQ� D� ODUJH�
number of giant lycopods released their spores 
VLPXOWDQHRXVO\�� SHUKDSV� GXULQJ� VHYHUH� VWRUPV�
ZLWK�KLJK�ZLQGV��7KLV�FRXOG�KDYH�OHG�WR�FRQGLWLRQV�
IDYRUDEOH�WR�DQ�H[SORVLYH�¿UHVWRUP��LQ�ZKLFK�HYHQ�
WKH� O\FRSRGV¶� ¿UH� UHVLVWDQFH� ZDV� LQVXI¿FLHQW� WR�
protect them. Rare lycopod charcoal deposits, 
ZKLFK�KDYH�EHHQ�LQWHUSUHWHG�DV�LQWHQVH�FURZQ�¿UHV�
that burned through the trunk and into the ground 
�3HWHUVRQ�������)DOFRQ�/DQJ�����������D������E��
����F��)DOFRQ�/DQJ�DQG�6FRWW�������)DOFRQ�/DQJ�
DQG�&DQWULOO� ������)DOFRQ�/DQJ� HW� DO�� �������PD\�
UHSUHVHQW�VXFK�FDWDVWURSKLF�O\FRSRG�¿UHVWRUPV��
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Figure 1: 'HYHORSPHQWDO�LQGH[�RI�VWURELOL�GHYHORSPHQW�EHIRUH�DQG�DIWHU�EXUQLQJ�RI Lycopodium digitatum. A) Young, tightly 
closed strobili and no spores present. B) Young, burned tips. C) Enlarged section of young burned tip showing opened sporophylls 
at burn edge and releasing spores. D) Early mature, opened sporophylls with intact sporangia. E) Early mature, burned . 
)��(QODUJHG�VHFWLRQ�RI�EXUQHG�HDUO\�PDWXUH��&DQ�VHH�RSHQ�OHDYHV�ZLWK�VSRUHV�DERXW� WR�EH�UHOHDVHG��*��0DWXUH��VSRURSK\OOV�
completely open and spores present. H) Mature burned, spores being released. I) Enlarged section of mature burned with 
FKDUUHG�VSRUHV�SUHVHQW�DQG�EHLQJ�UHOHDVHG��-��2OG��FRPSOHWHO\�GHYHORSHG�ZLWKRXW�VSRUHV�SUHVHQW��.��2OG��EXUQHG�FRPSOHWHO\��
No spores present.
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