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Original Paper

Abstract: Spore germination of Culcita macrocarpa C. Presl and
Woodwardia radicans (L.) Sm. from nine populations at the
northern limit of their distribution, in the northwest Iberian Pen-
insula, was investigated. In a first experiment, population type
and temperature (10, 15, 20, and 25 8C) were both found to af-
fect germination percentage and germination time significantly
in both species. There were also significant interactions be-
tween the two factors with respect to the percentage germina-
tion of C. macrocarpa and the germination time of W. radicans. In
C. macrocarpa there was an outstanding increase in germination
time at 15 8C and, above all, at 10 8C, whereas in W. radicans the
most remarkable result was the existence of two populations
with especially low germination percentages. In a second ex-
periment, germination of 20 individuals from each population
of W. radicans was compared with similar inter-population dif-
ferentiation. Although its variability possibly has a genetic basis,
these species are able to germinate successfully, and it seems
probable that the season in which it occurs depends more on
spore release than on thermal conditions in the populations.
The effect of temperature on germination in both species does
not explain their coastal distribution. Temperature is probably
more important in limiting other stages of the life cycle.

Key words: Germination, temperature, population, Culcita mac-
rocarpa, Woodwardia radicans, Iberian Peninsula.

Introduction

The northwest of the Iberian Peninsula is very rich in thermo-
philous ferns of a relict nature restricted to very moist habitats,
including Christella dentata, Culcita macrocarpa, Cystopteris
diaphana, Davallia canariensis, Dryopteris aemula, D. guanchi-
ca, Stegnogramma pozoi, Trichomanes speciosum, and Wood-
wardia radicans.

Culcita macrocarpa, the only Dicksoniaceae in Europe, and
Woodwardia radicans, with Blechnum spicant the only Blechna-
ceae, have been named Macaronesian relicts (Pichi Sermolli,
1979[24]; Pichi Sermolli et al., 1988[25]). This name is applied to

relicts of the tropical flora that covered the Mediterranean area
during the Tertiary Period. Their present range extends discon-
tinuously through Macaronesia (Azores, Madeira and Canary
Islands), the Atlantic side of the Iberian Peninsula, and, in the
case of W. radicans, some locations in the Mediterranean area
and north Africa. Their northern distributional limit is in the
northwestern Iberian Peninsula, where they always grow near
the coast, usually at altitudes below 300 m. In more southern
locations, especially in Macaronesia, they are associated with
fog belts in high zones, even being found above 1000 m (Page,
1977[20]).

The forests of the northwest Iberian coast where these ferns
live, often in mixed populations, have particular sheltered con-
ditions, beside steep-sided streams, with high atmospheric
and soil moisture, favoured by north-facing aspects (Amigo
and Norman, 1995[1]). Temperatures are mild throughout the
year, and frost is almost absent.

Besides their biogeographical affinities, C. macrocarpa and W.
radicans share the same life-form, with large aboveground rhi-
zomes and evergreen fronds up to 3 m long (together with
Pteridium aquilinum they are the biggest ferns in Europe).

However, C. macrocarpa and W. radicans are included in sever-
al lists of threatened species (Ormonde, 1990[19]; Cellinese et
al., 1996[5]; Quintanilla and Amigo, 1999[27]). The scarce knowl-
edge of their life cycle is another disadvantage for their conser-
vation. Due to the abundant spores produced by ferns that
reach a wider area than that occupied by the sporophytes
(Page, 1979[21]), germination may be the first stage limiting
their distribution and abundance. Germination of C. macrocar-
pa spores was studied by Rezende Pinto (1943[30]) and Mu-
kherjee and Sen (1986[16]). There are no studies of W. radicans
spore germination. Nayar et al. (1966[17]) studied W. unigem-
mata, a very similar taxon that some authors regard as the
same species. Nevertheless these are mainly morphological
studies. Considering the thermophilous behaviour of C. macro-
carpa and W. radicans, we have judged it to be of interest to
study the effect of temperature on the germination of their
spores, comparing it in several populations.
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Materials and Methods

Four populations of C. macrocarpa and six populations of W.
radicans, representing the entire altitudinal range of both spe-
cies in the northwest Iberian Peninsula, were selected for the
study (Table 1). All the populations are located along narrow
and steep river valleys, protected by hazel (Corylus avellana)
forest, except for population W2, which is located in a flat val-
ley where the forest is dominated by alders (Alnus glutinosa).
The conservation status of these forests is good except in pop-
ulation W3, where the natural vegetation has been almost en-
tirely replaced by a Eucalyptus globulus plantation. The two
most distant populations are separated by 40 km.

Spores were collected in mid-November 1998. Lamina frag-
ments with sporangia from 20 plants were collected from each
population, and kept in closed plastic bags. In order to avoid
decreased viability with time and possible culture contamina-
tion, recent fronds were selected, i.e., those that developed
during the same year, with mature sporangia protected by the
closed indusia. To obtain the spores, the fragments were kept
in a plant press at laboratory temperature for a week.

Spores were sown on mineral agar (Dyer, 1979[8]) in 5.5 cm di-
ameter Petri dishes. To avoid contamination, the sori extract
was filtered through two layers of lens tissue (Whatman Inter-
national Ltd., Maidstone, n 2105841), and dishes were sealed
with Parafilm (American National Can, Chicago). The spores
were observed under a light microscope at 60 � magnification.
The proportion of defective spores (i.e., with underdeveloped
or unusually massive perispore, or collapsed, without proto-
plast) was evaluated, counting 50 randomly selected spores
from 6 dishes (300 spores per population). This proportion
was relatively low and homogeneous among the populations
of W. radicans (Table 1) and higher in C. macrocarpa, with val-
ues higher than 80 % in two populations in which there were
specimens with defective spores in all their sori. Thus, popula-
tion C0 (89 % defective spores) was eliminated in experiment 1
and all C. macrocarpa populations were eliminated in experi-
ment 2.

The dishes were checked daily until germination started, then
the control was done every four days. First cell emergence was
taken as the criterion of germination. Two variables were

measured: germination percentage, the number of germinated
spores calculated among 50 non-defective randomly selected
spores from each dish; and germination time, the number of
days between sowing and germination of the first spore
among the 50 randomly selected spores each day. Percentages
were compared after 29 days, when germination became
stable.

Analysis of variance (ANOVA) was carried out after arcsine
transformation of the germination percentages, and log trans-
formation of the germination times (Zar, 1996[33]). A Tukey test
(p < 0.05) was performed to identify homogeneous groups of
means.

Experiment 1

Population±temperature interaction and the effects of popula-
tion and temperature variation on the germination response
were analysed. Spores were incubated in four growth cham-
bers with an identical 16 h light/8 h dark photoperiod (Osram
fluorescent tubes L20 W/105, 30± 45 Em±2 s±1), but different
constant temperatures: 10, 15, 20, and 25 8C. These tempera-
tures were selected considering the range of monthly mean
values of the meteorological stations nearest to the popula-
tions (Carballeira et al., 1983[4]). Temperature was considered
as a fixed factor as was the population, since the small number
of locations sampled and their proximity do not allow their
consideration as representative of the species. For each tem-
perature and each population, three replicates of mixed spores
from 20 plants were sown. A two-factor ANOVA was subse-
quently performed.

Experiment 2

Once experiment 1 had been completed, variation within and
among populations of the germination response of all individ-
uals (20 per population) of W. radicans was studied. The spores
were obtained from the same fragments of fronds kept on pa-
per sheets in the laboratory for one month. In this experiment,
we used one dish per individual and the cultures were kept in a
controlled temperature room at 20 8C � 2, with the same light
conditions as used in experiment 1. Results were tested with
a single-factor ANOVA.

Table 1 Spore sources. Acronym and situation of each population used as spore source. The percentage of defective spores for each population is
included

Species Pop. Location
(river basin)

Latitude Altitude
(m a.s.l.)

Distance to sea
(km)

% defective spores
(mean � standard error)

Culcita macrocarpa C0 Xubia 43829¢N 280 11 89 � 2
C1 Eume 43825¢N 160 3 24 � 2
C2 Seixo de Landoi 43841¢N 280 3 84 � 3
C3 Eume 43824¢N 90 8 41 � 2

Woodwardia radicans W1 Xubia 43829¢N 210 11 16 � 1
W2 Mera 43832¢N 370 15 37 � 2
W3 Morela 43844¢N 110 2 24 � 1
W4 Seixo de Landoi 43841¢N 280 3 20 � 1
W5 Eume 43824¢N 80 8 20 � 1
W6 Xubia 43830¢N 250 9 13 � 2

Germination in Populations of Culcita macrocarpa and Woodwardia radicans Plant biol. 2 (2000) 613
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Results

Fig.1 shows the evolution of germination percentages of the
first experiment over one month. The curves level out after
two weeks in the case of the dishes of W. radicans, and after
three weeks in C. macrocarpa, except at 10 8C in which the ger-
mination times were clearly longer.

Temperature and population type had a significant effect on
percentages and times of germination in both species. Interac-
tion between both factors was also significant on germination
time in W. radicans, and on germination percentage in C. mac-
rocarpa (Table 2, Fig. 2). Germination time was significantly
longer in population C2 of the latter species compared with
the other two populations (Table 3). Statistical comparison of
germination time at different temperatures confirms what
was observed in the curves: they decreased from almost four
weeks at 10 8C to only one above 20 8C. On the other hand, ger-
mination percentages in C. macrocarpa must be interpreted
with caution due to the interaction between the considered
factors. There are clear differences between populations C3
and C1, and among the four temperatures, with values ranging
from only 7 % at 10 8C to 87 % at 20 8C (Table 3).

In general, W. radicans had higher germination percentages
and shorter germination times than C. macrocarpa (Table 3,
Fig. 2). The highest germination rate was observed in popula-
tion W6 (95 %) and the lowest were seen in populations W1
and W2 (62 and 67%). The best temperature for germination
was 25 8C (86 %) and the worst was 15 8C (79 %). Germination
times by temperature ranged between 2.0 days (25 8C) and
8.2 days (10 8C), and the variation was smaller if populations
were compared (Table 3).

In the second experiment, with 20 plants of each population of
W. radicans, percentage as well as time of germination differed
significantly between the populations (Table 4). The Tukey test
revealed groups of means similar to those distinguished in the
first experiment (Table 5).

Discussion

The conservation of an organism requires knowledge of its ge-
netic structure and breeding system (Falk and Holsinger,
1991[9]). At the moment there are few published studies deal-

ing with the effect of temperature on germination of fern
spores (Miller, 1968[15]; Dyer, 1979[8]; Raghavan, 1989[28]; Ben-
nert and Danzebrink, 1996[3]), but enough to indicate that tem-
perature is one of the most important factors affecting germi-
nation. Temperatures in the range of those of our experiments
(10± 25 8C) are adequate for most homosporous ferns, but the
optimal values are known only in a small number of species. In
the first experiment, W. radicans shows an optimum at 25 8C,
although germination percentages are high and germination
times short at all four chosen temperatures (Table 3). The
spores of W. radicans and C. macrocarpa are non-chlorophyl-
lous. Ferns with this type of spore require longer periods for
germination than ferns that produce chlorophyll-containing
spores, with times of only 1.5 days on average (Lloyd and Kle-

Table 2 Results of two-factor ANOVA for spores of 9 populations incubated at 4 different temperatures. df, degrees of freedom; SS, sum of
squares; p, significance level

Species Source df Germination percentage Germination time
SS p SS p

Culcita macrocarpa Population 2 304 0.023 0.061 0.000
Temperature 3 16 044 0.000 1.414 0.000
Population � Temperature 6 1 062 0.002 0.009 0.269
Error 24 828 0.027

Woodwardia radicans Population 5 7 722 0.000 0.086 0.000
Temperature 3 344 0.009 2.599 0.000
Population � Temperature 15 707 0.070 0.050 0.000
Error 48 1 284 0.035

Fig. 1 Curves of germination percentage of Culcita macrocarpa (A) and
Woodwardia radicans (B) at different temperatures (experiment 1).

Plant biol. 2 (2000) L. G. Quintanilla et al.614
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kowski, 1970[12]; Bennert and Danzebrink, 1996[3]). Germina-
tion times of ferns with non-chlorophyllous spores can be as
long as 210 days (Lloyd and Klekowski, 1970[12]) but are nor-
mally shorter than a week, when light, moisture, and temper-
ture conditions are adequate (Page, 1979[21]). Nevertheless, C.
macrocarpa triples this time at 10 8C, which indicates a strong-
er sensitivity to low temperatures, though a question remains
about whether germination percentage would be as high as
that at higher temperatures if incubation time was increased.
At the other extreme, high temperatures (25 8C) seem to re-
duce germination percentage, but do not affect the germina-
tion time, that is similar to results obtained at 20 8C (Table 3)
and to those obtained by Mukherjee and Sen (1986[16]) at 248C.

According to our results and the available climatic data, germi-
nation of both species is feasible throughout the year. In the
meteorological stations close to the studied locations (Carbal-
leira et al., 1983[4]; Anon, 1995[2]) monthly mean temperature
hardly drops below 10 8C during the coldest months, January
and February, when even the mean minimum temperature is

above 5 8C. In the warmest month, August, the mean tempera-
ture is between 15 and 20 8C, and the mean maximum tem-
perature between 20 and 25 8C. Considering this oceanic cli-
mate, probably enhanced by the tempering capacity of the for-
est, we may conclude that the germination phenology of these
ferns depends more on the time when the spores are released
than on the thermal conditions in which they develop. Consid-
ering only germination, it is difficult to explain why these ferns
grow above 300 m altitude in the northwest Iberian Peninsula.
Although thermal amplitude increases with altitude and dis-
tance from the sea (Carballeira et al., 1983[4]), there are forests
above that level where germination seems possible for most of
the year. This coastal distribution may be explained with re-
spect to temperature acting on other stages of the life cycle.
Other physical factors, such as water accessibility, have been
proposed as limitations to fern establishment (Kornµs,
1985[11]; Ranal, 1999[29]), and some biological factors, such as
competition, may also be important (Pangua et al., 1999[23]).

Fig. 2 Germination of 3 populations of Culcita macrocarpa and 6
populations of Woodwardia radicans incubated at different tempera-

tures: 10 8C (^), 15 8C (�), 20 8C (D), and 25 8C (&). Markers corre-
spond to means of three replicates, bars indicate S.E.

Germination in Populations of Culcita macrocarpa and Woodwardia radicans Plant biol. 2 (2000) 615
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On the other hand, spore source population also affects germi-
nation in both species, as happens in other species of Asple-
nium (Pangua et al., 1994[22]; Prada et al., 1995[26]), in Blechnum
spicant (Cousens, 1981[7]), and in Cryptogramma crispa (Pangua
et al., 1999[23]). These differences may be due to genetic causes.
Moreover, there is a significant interaction between popula-
tion and temperature with respect to the germination time of
W. radicans, and the germination percentage of C. macrocarpa,
i.e., different populations are not affected in the same way at
different temperatures. Interactions between populations and
different treatments have also been found in seed germination
experiments (Maruta, 1994[14]; Martin et al., 1995[13]; Nishitani
and Masuzawa, 1996[18]); environmental differences among
populations that would select different genotypes have been
proposed as the cause.

As well as any genetic differences, environmental differences
among populations may also have affected germination
behaviour. The populations sampled are located at the north-
ern limit of the distribution of both ferns, where conditions
might be unfavourable for spore development (Wilce,
1965[32]; Wagner et al., 1986[31]), or for maintaining spore via-
bility. This would explain why populations W1 and W2 of W.
radicans have the lowest germination percentages in both ex-
periments. Population W2 (Table 1) is at the highest altitude
and is farthest from the sea, and W1, although not very high,
is located at the bottom of a valley with particularly cold mi-
croclimatic conditions, probably due to the scarce solar radia-
tion received and thermal inversion phenomena (own unpub-
lished data). The high percentages of C. macrocarpa spores
considered to be defective on the basis of their morphology
(Table 1), especially those with an underdeveloped perispore,
may also be due to lack of maturation. In the nearby popula-
tions of north Portugal development is completed in late Sep-
tember, with dehiscence in February or March (Rezende Pinto,
1943[30]). The phenology of W. radicans has not been studied
but might be expected to be similar.

It is of particular biological interest that the fronds of both spe-
cies last for more than a year. According to the classification of
Chabot and Hicks (1982[6]) these ferns are evergreen (own un-
published data). Therefore, fertile fronds from different years
can be found in all seasons. Our study focused on recently pro-
duced spores, but fronds from other growing periods can also
act as spore sources (Farrar, 1976[10]).

Another consideration is that, while there are abundant young
sporophytes originated by sexual reproduction in the popula-
tions of C. macrocarpa, there are none in the populations of W.
radicans, and the vegetative production of plants by rooting of
the buds at the distal part of each frond is very common (per-
sonal observation). Page (1977[20], 1979[21]) has argued that this
reproductive mechanism supplements the slow gametophytic
development.

In conclusion, we can highlight the good germination ability of
the spores of C. macrocarpa and W. radicans, depending on the
source population, in the range of temperatures occurring in
their northern distributional limit. For the successful conser-

Table 3 Effects of population (bold, in brackets) and temperature (bold, in brackets) on germination (mean � standard error) of Culcita macro-
carpa and Woodwardia radicans in experiment 1. The lines group means that were not significantly different (Tukey test, p < 0.05)

Culcita macrocarpa Woodwardia radicans
Germination percentage Germination time Germination percentage Germination time

Population 61 � 10 (C3) ï 14.4 � 2.3 (C2) ï 95 � 1 (W6) ï 5.0 � 0.9 (W2) ï
58 � 10 (C2) ï ï 12.3 � 2.2 (C3) ï 93 � 1 (W3) ï ï 4.3 � 0.8 (W1) ï
50 � 9 (C1) ï 11.4 � 2.0 (C1) ï 91 � 2 (W4) ï ï 4.2 � 0.8 (W5) ï ï

88 � 2 (W5) ï 4.1 � 0.7 (W4) ï ï
67 � 2 (W1) ï 3.8 � 0.6 (W3) ï ï
62 � 3 (W2) ï 3.5 � 0.6 (W6) ï

Temperature 87 � 3 (20) ï 24.8 � 0.9 (10) ï 86 � 3 (25) ï 8.2 � 0.3 (10) ï
76 � 5 (15) ï 11.2 � 0.7 (15) ï 85 � 3 (20) ï ï 4.1 � 0.2 (15) ï
55 � 6 (25) ï 7.6 � 0.2 (20) ï 81 � 3 (10) ï ï 2.3 � 0.1 (20) ï

7 � 1 (10) ï 7.3 � 0.4 (25) ï 79 � 5 (15) ï 2.0 � 0.0 (25) ï

Table 5 Effect of population on germination (mean � standard error)
of Woodwardia radicans in experiment 2. The lines group means that
were not significantly different (Tukey test, p < 0.05)

Germination percentage Germination time

Population 95 � 1 (W4) ï 3.1 � 0.1 (W4) ï
94 � 1 (W3) ï ï 3.1 � 0.1 (W2) ï ï
94 � 1 (W6) ï ï 3.0 � 0.0 (W1) ï ï
88 � 2 (W5) ï 2.7 � 0.1 (W5) ï ï
76 � 2 (W1) ï 2.6 � 0.1 (W3) ï
72 � 2 (W2) ï 2.2 � 0.1 (W6) ï

Table 4 Results of single-factor ANOVA for spores of 20 sporophytes
from 6 populations of Woodwardia radicans incubated at 20 8C. df, de-
grees of freedom; SS, sum of squares; p, significance level

Source df Germination
percentage

Germination
time

SS p SS p

Population 5 7 029 0.000 0.190 0.000
Error 114 4 248 0.307

Plant biol. 2 (2000) L. G. Quintanilla et al.616
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vation of these two rare species their whole life cycle requires
urgent study. With respect to the germination stage, future in-
vestigation might focus on the phenology of spore release, the
role of old fronds as spore sources, the characteristics of spore
banks, and the relation between germination performance and
gametophyte establishment.
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