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Figures la-d. The effect of: smoke treatment; soaking seeds for twenty-four hours prior to 

smoke treatment; and control treatment on the percentage germination of four species of 

Mesembryanthemum. A, R. macowanii. B, D. stoekoei. C, R. caroli. D, D. speciosum. 
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Smoke had no effect on seed germination of R. macowanii and D. sto~oei (Figs. la&b, Table 

1). In both these species soaking seeds prior to smoke treatment reduced germination to 

below control levels. This reduction was significant in D. stokoei (Table 1). Smoke had no 

effect on the germination of R. caroli seeds , but water+smoke significantly improved 

germination of this species (Fig. le, Table 1). The germination of scarified R. caroli seeds 

improved significantly with smoke treatment (Fig. le, Table 1). The effect of water+smoke 

on scarified seeds is unknown as this was not tested. In D. speciosum there was a significant 

difference among all the three treatments (Fig. ld, Table 1). Smoke improves germination 

in this species , as does water+smoke, but not to the same extent. Results from the 

water+smoke treatment for R.macowanii, D. stokoei and D. speciosum indicate that soaking 

seeds in water before smoke treatment inhibits the effectiveness of smoke in promoting 

germination or germination itself in these species. 

Table 2. Probabilities of accepting the null hypothesis (no effect or interactions among the 

treatments on seed germination). Probabilities generated by a multivariate ANOVA conducted 

on the combined arc sine transformed germination data of all species. When asterisks is 

shown, the null hypothesis is rejected (p < 0.05). 

Source of variation P-values 

Species 0.0000 * 

Treatments 0.0001 * 

Interaction of species + treatment 0.0000 * 

Results from the Multivariate ANOV A suggest that there is a significant difference in 

germination among species and among treatments. There is also a significant interaction 

between species and treatment, which is expected from results of individual ANOVAs. All 

species were found to be significantly different in their germination responses except for R. 

macowanii and D. stokoei. 
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Dye penetration 

Plates la-c are sections through seeds showing the degree of dye penetration. Figures 2a-d 

& 2a-d illustrate the patterns of dye penetration, over time, of control and smoke treatments 

for the four species investigated. 

a 

Plate la-c. Sections through seeds showing the tree classes of dye penetration: la no 

penetration. A, No penetration through seed (class 1). B, Penetration through the seed coat 

but not into endosperm (class 2) , where M = the membrane below the seed coat into which 

dye has penetrated. B, Complete penetration (class 3). The magnification of Plates a&c = 

10 x 1.25 x 12.8. The magnification of Plate c = 40 x 1.2 x 12.8. 
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Figures 2a-d. Proportion of seeds in each class of dye penetration in control and smoke 

treated seeds of each species. Class 1 = the proportion of seeds in which no dye penetration 

had taken place. Class 2 = the proportion of seeds in which there was dye penetration 

through seed coat but not into the endosperm. Class 3 =the proportion of seeds in which 

complete dye penetration occurred. A, R. macowanii (control). B, R. macowanii (smoke 

treated). C, R. caroli (control). D, R. caroli (smoke treated). 
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Figures 3a-d. Proportion of seeds in each class of dye penetration in control and smoke 

treated seeds of each species. Class 1 = the proportion of seeds in which no dye penetration 

had taken place. Class 2 = the proportion of seeds in which there was dye penetration 

through seed coat but not into the endosperm. Class 3 =the proportion of seeds in which 

complete dye penetration occurred. A, D. stokoei (control). B, D. stokoei (smoke treated). 

C, D. speciosum (control). D, D. speciosum (smoke treated). 
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The Kruskal-Wallis test found no significant differences in dye penetration between smoke

treated and control seeds of R. macowanii, D. stokoei and R. caroli. In R. macowanii dye 

penetrated through to the embryo (class 3) in the majority of seeds for both control and 

smoke treatments (Fig. 2a&b). The pattern of dye penetration for this species correlates with 

result from the germination experiments. The proportion of seeds in which dye penetrated 

through to the embryo in D. stokoei is less that what is expected from the germination results 

(Fig. 3a&b). The reason for this discrepancy is unknown. 

Dye penetration patterns in R. caroli (Fig. ·2c&d) also correlated with germination data. 

Although there was some penetration through to the embryo, it generally stopped at the seed 

coat. The proportion of seeds in which complete penetration occurred was higher for smoke 

treated seeds that for controls , but this was not significant. Preliminary data on dye 

penetration in scarified R. caroli seeds (not presented here) indicates that there is a significant 

difference in dye penetration between scarified smoke treated and scarified control seeds. 

Here too , a greater proportion of smoke treated seeds were completely penetrated compared 

to control seeds. 

Kruskal-Wallis tests showed that the only significant difference in dye penetration occurred 

between smoked and control seeds of D. speciosum on day 21 (p=0.0426) (Fig. 3c&d) . The 

proportion of seeds in which no penetration had taken place was much greater in control 

versus smoke treated seeds. The same is true for the proportion of seeds in which penetration 

was through the seed coat but not into the endosperm. Thus , dye penetrated more readily into 

the embryo in seeds which were smoke treated compared to the control. 

Seed coat studies 

Images obtained from SEM are shown in Plates 3a-5d. All the seeds have a similar shape 

(Plates 3a-d). R. caroli is the largest, followed by R. macowanii, D. stokoei and D. 

speciosum is the smallest. All species except R. macowanii had sculptured seeds coats (Plates 

4a-d). D. stokoei was the most elaborately sculptured species , followed by D. speciosum and 

R. caroli. The coat of R. macowanii (Plates 3b&4b) was smooth and waxy. 
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a 

c 
d 

Plate 3a-d. SEM images of the whole seeds. A, R. caroli (scarified seeds responsive to 

smoke). B, R. macowanii (unresponsive to smoke). C, D. stokoei (smoke-responsive). D, D. 

speciosum (unresponsive to smoke). 
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c 

Plates 4a-d SEM images of seed coat sculpture. A, R. caroli. B, R. macowanii. C, D. 

stokoei. D, D. speciosum. 
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d 

Plates 5a-d. SEM images of the hilar-micropyle regon. A, R. caroli. B, R. macowanii. C, 

D. stokoei . D , D. speciosum . H = hilum , M = structure thought to be the mycropyle. 
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The sculptured surfaces and relatively loosely packed seed coat cells of D. stokoei, D. 

speciosum and R. caroli may be conducive to efficient gas exchange and subsequent water 

uptake. The waxy cuticle and apparently tightly packed seeds of R. macowanii may inhibit 

such processes. 

In all species, a structure, assumed to be the micropyle , lay adjacent to the hilum, which was 

deeply incised (Plates 5a-d). It appeared that this structure may be a site of gas exchange and 

water penetration. Sectioning for dye penetration confirmed this (see Plate 6). Photos showed 

that on all the four species , fungal spores are present on the seed coat cells. 

Plate 6. Dye penetration though the micropyle in D. speciosum. Magnification = 1.25 x 40 

x 12.8. M = microphyle, R= root tip. 
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Hormone studies 

Table 3. The mean levels of ABA (ng/gram) from 12 replicates, in control and smoke treated 

seeds , and the percentage in change of ABA between smoke and control treatments , for each 

species . 

Species Control: ADA in Smoke treated: Percentage difference 

ng/gram ADA in ng/gram 

R. macowanii 42.78 35 .68 16.60 % 

R. caroli (unscarified) 18.87 13.45 28.72 % 

D. stokoei 72.91 48 .21 33 .88 % 

D. speciosum 53.49 31.24 41.60 % 

From the results presented in Table 3 we can deduce, firstly , that the levels of ABA ~n the 

seeds of the Drosanthemum species are higher than those of the Ruschia species. However, 

the ABA levels of the dormant seeds in each genus are higher than those occuring in the non

dormant members of each genus. Secondly , ABA levels are always reduced by smoke in 

these four species. Thirdly , the percentage change of ABA between smoke and control 

treatments was greater for the Karoo species (both smoke-responsive) R. caroli and D. 

speciosum, than for the fynbos species (both unresponsive to smoke). Due to the fact that 

assays were of whole seed material , we were unable to ascertain the position of the ABA, 

ie whether is occurred in the embryo or the seed coat. 

Discussion 

Germination trials 

Ruschia macowanii and Drosanthemum stokoei although both occurring in the Fynbos fire

prone habitat, do not exhibit smoke-promoted seed germination. However , germination of 

the Karoo non-fire prone species , Ruschia caroli (scarified) and Drosanthemum speciosum 

is promoted by smoke treatment. These results support those obtained by Pierce et al. 

(1995). Differences in the germination responses to smoke among species may be attributed 

to differences in sensitivity to the active component of smoke (Sutcliffe and Whitehead , 

1995), or, possibly , differences in dormancy strategies. 
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From our experiments we deduced that the fynbos species tested , (R. macowanii and D. 

stokoel) germinate easily and appear to lack dormancy mechanisms. Conversely, the Karoo 

species , (R. caroli and D. speciosum) do possess dormancy mechanisms. To improve the 

germination of R. caroli , seeds need to be scarified, hence germination is constrained by coat 

imposed dormancy. Smoke as well as scarification further promotes dormancy , indicating that 

this species may exhibit embryo dormancy too , which is released by smoke. D. speciosum 

seeds appear to exhibit embryo imposed dormancy , which is released by smoke. Thus we can 

conclude that for the species tested here , smoke-promoted germination is a feature of seeds 

that have internal dormancy mechanisms , and is not a feature of species that lack such 

mechanisms. Results from previous reports (see Dixon et al. , 1995 , and references there in) 

offer further support that dormant seeds respond positively to smoke. However , the are no 

apparent comparisons between the effect of smoke on dormant versus non-dormant seeds. 

The germination percentages of seeds that were smoke treated reported in this study were 

higher than those reported by Pierce et al. (1995) for these species. This could , in part be 

attributed to the fact that Pierce et al. (1995) used aqueous extracts of smoke in their smoke 

treatment. The results from this study indicate that the presence of moisture in seeds prior 

to smoke treatment inhibits the effect of smoke to some extent in all species except R. caroli. 

Similar, but less pronounce inhibition may occur when aqueous extract of smoke is used in 

place of dry smoke. The mechanism of inhibition may have something to do with the effect 

of water on the sites or biochemical pathways that respond to smoke. 

Sutcliffe and Whitehead (1995) found that imbibition of seeds with smoke-saturated water for 

one hour stimulated germination in Cyclopodia intermedia but longer treatment resulted in 

drastic inhibition of seeds germination in both C. intermendia and C. subternata. Those 

authors suggested that inhibition of germination by the continued presence of these short

chain saturated fatty acids such as octanoic acid , "could be the result of their incorporation 

into cell membranes in such a way that the integrity of the membranes is affected". From the 

results in the study presented here , and those indicated in Sutcliffe and Whitehead (1995), 

it seems likely that the presence of water during, or prior, to smoke treatment may play some 

role in the inhibition mechanism prosed by Sutcliffe and Whitehead (1995) , or others not yet 

described. 
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The fact that the Karoo species , R. caroli and D. stokoei come from a non-fire prone 

environment and yet show improved germination after smoke treatment indicates that smoke 

cued germination is not an evolved feature. This offers support to the argument of Baxter et 

al. (1995) that the wide range of positive responses of seed germination to plant derived 

smoke indicates the active component(s) of smoke may originate from components that occur 

commonly in plants (Baxter et al. , 1995). 

Dye penetration 

Dye penetration studies corroborate the above suggestion: dormant seeds are responsive to 

smoke whereas non-dormant seeds are not. The non-dormant seeds , R. macowanii and 

D.stokoei show no significant change in dye penetration patterns between smoke and control 

treatments. Personal observations in the mechanisms of water uptake indicate that the water 

uptake in R. macowanii appears to occur through mechanical breakages in the seed coat and 

entrance though the hilum . In D. stokoei water uptake also occurs freely though the hilum, 

and possibly though the micropyle. 

In the dormant species , R. caroli and D. speciosum water penetration is inhibited in at the 

site of the hilum and at the membrane below the seed coat that binds the endosperm. Dye 

penetration data reported in this study on D. speciosum, and preliminary results for scarified 

R. caroli seeds suggest that treating the seeds with smoke over comes both these barriers , 

thereby releasing dormancy . 

From dye penetration and germination experiments, Fotheringham (pers. comm.) suggested 

that some type of membrane or barrier between the seed coat and the endosperm that 

prevents water uptake and gaseous exchange. She further suggests that this barrier is 

chemically deteriorated by a component of smoke. As previously mentioned Sutcliffe and 

Whitehead (1995) suggest that the action of short-chain saturated fatty acids , a component 

of plant derived smoke, help improve germination by increasing ethylene sensitivity. Those 

authors suggest that this occurs by the change in membrane properties by the action of short

chain fatty acids. Thomas , (pers comm.) , also suggested that smoke may effect the properties 

of the membranes. His theory is that smoke stimulates ion pumps within the membranes. The 

suggestions of Thomas (pers. comm.) and Sutcliffe and Whitehead (1995) of Sutcliffe support 

the observations in this report and that of Fotheringham (pers comm.) , that the barrier that 
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smoke alters , resulting in dormancy release, is the membrane surrounding the endosperm. 

Seed coat characteristics 

R. macowanii is unique in having a waxy cuticle. This is the only species that showed a 

negative germination response to smoke. The negative effect of smoke on this species could 

either be the result of the smoke causing the cuticle to become even less hydroscopic , though 

some chemical interaction. Alternatively, the presence of smoke residue on the waxy cuticle, 

may cause the seed to become less permeable to water and gas exchange. As mentioned 

earlier , this is a non dormant species , and despite the waxy cuticle dye penetration studies 

showed that water uptake through the hilum is not hindered. 

The dormant species R. caroli and D. speciosum have no apparent block to water , although 

R. caroli needs to be scarified. This suggests some form of embryo imposed dormancy is 

present in both species. 

The presence of structures , assumed to be micropyles , in all four species that correspond to 

the root cap is noteworthy. From observations made in the dye penetration experiment, dye 

penetration appeared to take place through this structure, particularly in smoke-responsive, 

smoke treated seeds. These structures may therefore be important sites of gas exchange and 

water penetration. The may therefore be sites at which smoke released dormancy may 

operate. 

One observation that was made during the germination experiments was the development of 

fungal infections. Only seeds that had been smoke treated , or soaked and smoke treated , 

became infected with fungus. Control seeds of all species however did not become noticeably 

infected with fungus. This may suggest that the germination of fungal spores may be 

stimulated in some way by smoke. These fungal communities could play a role in breaking 

seed dormancy through mechanically degrading the seeds coat. In the environment of the 

petri dish , the fugal infections became detrimental to seed germination, but if the 

development of these fungal communities is more controlled in natural environments , it may 

confer a germination advantage. 
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Some work has provided evidence for the role of fungi in dormancy release. 11 Natural 

scarification occurs in the environment whereby microorganisms erode or breakdown the seed 

coat prior to germination 11 (Morpeth et al. , 1995). Techniques that enhance microbial growth 

have been used that result in higher germination percentages in Rosa corymbifera 'Laxa' . The 

addition of a compost activator increased the microbial activity , and improved seed 

germination. Hence the breakdown of seed coats by smoke enhanced microbial activity may 

be an important smoke associated mechanism in releasing dormancy in seeds that have coat 

imposed dormancy. In smoke-responsive seeds which exhibit embryo imposed dormancy, the 

components of smoke will be acting directly on the seed , specifically membranes and 

germination inhibitors. 

ABA Analysis 

ABA is thought to play a maJor role in seed dormancy in many species and could be 

considered a general germination inhibitor (Bewley and Black, 1994). Our results show that 

smoke does reduce the level of ABA in seeds in both smoke-responsive (dormant) species 

and unresponsive (non-dormant) species. If the percentage change was similar in dormant 

versus non dormant seeds , it may indicate that a reduction in ABA levels caused by smoke 

treatment does not confer an improved germination response. However , the percentage 

change in ABA was greater in the responsive species than in the unresponsive species. Thus , 

smoke induced reductions in the level of ABA in smoke responsive dormant seeds very well 

play a role in releasing dormancy. However , this is , as yet, speculative. The reduction in 

ABA levels by smoke may be the primary process involved in releasing dormancy in smoke

responsive species. However , the fact that ABA levels are also reduced in non-responsive 

species indicates that this may not be the case. Smoke reduced ABA levels are more likely 

to be a step in a more complex chain of events , uncommon to unresponsive (non-dormant) 

species , that ultimately results in dormancy release. The possibility that the smoke-responsive 

species (R. caroli (scarified) and D. speciosum) may differ from the unresponsive species in 

their sensitivity to changes in ABA levels , should also be considered (Bewley and Black, 

1994). 

Due to the fact that the ABA extractions were done on material from intact seeds , the 

position in the seeds in which ABA occurs in each species is unknown. It is possible that 
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ABA occurs in different positions (embryo or seed coat) in the smoke-responsive dormant 

species to that in the unresponsive , non-dormant species (Bewley and Black, 1994). If such 

differences occur, they may, in part, explain why changes in the level ABA were associated 

with smoke-stimulated response in some species but not others. The interaction between 

smoke, dormancy, ABA and improved germination clearly requires further rigorous testing. 

Future research 

The effect of smoke treatments on scarified R. caroli sees was tested only for its effect on 

the germination. Further experiments need to be conducted for R. caroli on: the effect of 

water+smoke on germination of scarified seeds ; the patterns of dye penetration of control 

and smoke treated scarified seeds ; and the levels of ABA in smoke and control treated 

scarified seeds. The effect of smoke+smoke water on ABA levels , and dye penetration needs 

to be investigated in all the species. 

Interactions between smoke and fungal spores , and the subsequent effect of fungal activity 

on seed germination is also of interest. 

Final remarks 

For the four species of Mesembryanthemum investigated , smoke-promoted germination is a 

characteristic of dormant seeds but not non-dormant ones. Whether this is a general trend is 

unknown. The germination of non-dormant seeds in some species may be enhanced by 

smoke, therefore , in studies conducted in this field , the distinction between smoke-stimulated 

germination, and smoke-induced dormancy release should be made. Further studies 

undertaken on the effect of smoke on seed germination should determine, or incorporate 

information, on the type of dormancy and germination mechanisms characteristic of the 

species intended for investigated 

There are different physiological responses following , smoke treatment, between species 

whose seeds are smoke-responsive to those which are unresponsive. These include: changes 

in the patterns of water penetration possibly related to changes in membrane properties , and 

greater reductions in the level of ABA in responsive species compared to unresponsive 

species. However , these may be only a few effects , or mechanisms , out of several involved 
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in smoke-induced dormancy release. 

The major difference between the fire-prone fynbos species that were unresponsive to smoke, 

and the non-fire-prone Karoo species was that the Karoo species were dormant whereas the 

fynbos species were non-dormant. The occurrence or absence of dormancy may explain the 

discrepancy found in the germination response of fire-prone fynbos species and non-fire 

prone Karoo species to smoke found by Pierce et al. (1995). It would be worthwhile 

therefore to compare the physiological responses of closely related dormant and non-dormant 

species from fire prone habitats to dormant and non-dormant species from non-fire-prone 

habitats. 
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