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Abstract The reproductive biology of wind-pollinated

species in terms of pollen and ovule production is rarely

studied compared with zoophilous species, despite avail-

able hypotheses on the effect of growth form and life-

history traits on reproductive investment. Here, we use

published data and new data for species of Juncus and

Luzula (Juncaceae) to test the hypotheses that, in wind-

pollinated species, woody perennials should exhibit larger

pollen–ovule (P/O) ratios than herbaceous species and that

species with separate sexes have larger P/O ratios than

homoecious species. In total, we report pollen and ovule

production for 291 wind-pollinated species, including 19

Juncus and 5 Luzula species. Compared with other wind-

pollinated species, Juncus exhibits unusually low P/O

ratios (log P/O = 2.06 ± 0.46) because of high ovule

production. We argue that the high ovule and seed pro-

duction in Juncus, associated with frequent self-fertiliza-

tion, may be beneficial in habitats preferred by the genus.

In general, we found higher P/O ratios in woody perennials

(log P/O = 4.37 ± 1.18) or in species with separate sexes

(log P/O = 4.28 ± 1.12) than in herbaceous (log P/O =

3.51 ± 0.77) or homoecious (log P/O = 3.52 ± 0.80)

species, respectively. However, when we analyzed woody

perennials separately, we found no significant difference in

P/O ratios between homoecious and nonhomoecious

species. We argue that woody perennials, independent of

dicliny, may be preferentially outcrossed and therefore

exhibit decreased variation in mating systems compared

with herbs. Because the degree of outcrossing correlates

with P/O ratios, differences between homoecious

and nonhomoecious woody perennials could be less

pronounced.
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Introduction

Wind pollination is known from at least 18% of all

angiosperm families (Ackerman 2000) and has evolved

repeatedly from biotically pollinated ancestors (Linder

1998). On the level of regions or communities, it is more

common in higher latitudes and altitudes, in temperate

forests and open grasslands (Regal 1982; Whitehead 1983).

Certain climatic and ecological factors may favor the

occurrence and evolution of anemophily, such as dry

conditions, open vegetation, uncertainty of pollinators, and

high density of conspecifics (Whitehead 1969; Stebbins

1970; Niklas 1985; Ackerman 2000; Culley et al. 2002). In

contrast to the floral variability found in zoophilous taxa,

anemophily seems to be evolutionarily connected to very

similar morphological adaptations (Pohl 1929; Whitehead

1969; Friedman and Barrett 2008). Consequently, a number

of traits associated with wind pollination constitute the

anemophilous syndrome (Faegri and Van Der Pijl 1979;

Ackerman 2000). For example, inflorescences of wind-

pollinated species are often condensed and catkin-like, and

their nectarless flowers are often unisexual with an absent

or reduced perianth (Culley et al. 2002; Friedman and
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Barrett 2008). However, some wind-pollinated and evolu-

tionarily very successful groups such as Poaceae and

Juncaceae exhibit hermaphroditic flowers, challenging the

hypothesis of an association between unisexuality and wind

pollination (Charlesworth 1993).

Floral adaptation to anemophily is believed to include

modifications of ovule and pollen production per flower.

For example, in wind-pollinated flowers, ovule number is

frequently reduced to one (Pohl 1929; Friedman and

Barrett 2008), and several non-mutually exclusive expla-

nations for this fact have been proposed. First, capturing

sufficient pollen grains to fertilize many ovules is unlikely

in a stochastic process such as wind pollination. Second,

uniovulate carpels may increase male–male competition.

Third, producing many spatially separated flowers with

fewer ovules may facilitate occupation and sampling of

an increased volume of air by a plant and thus may

increase the probability of capturing pollen grains

(Friedman and Barrett 2008). Also, relative to animal-

pollinated species, higher pollen production of wind-pol-

linated species has been attributed to inefficient pollen

transfer (e.g., Whitehead 1969; Faegri and Van Der Pijl

1979; Proctor et al. 1996). However, this argument has

been challenged by the frequent evolution of wind polli-

nation from animal-pollinated ancestors and by empirical

studies (Honig et al. 1992; Harder 2000). Nevertheless,

various reasons may account for increased pollen pro-

duction in wind-pollinated species. First, although wind-

dispersed pollen is not smaller in average diameter than

animal-dispersed pollen (Wodehouse 1935; see data in

Andrew 1984), it is possibly cheaper to produce because

it contains less protein (Roulston et al. 2000). Second, at

least for self-incompatible wind-pollinated species, the

increase in male fitness gain with increased pollen pro-

duction is not expected to be limited by the transfer

capacity of the pollen vector. In contrast, in animal-

pollinated species, the transfer capacity of pollinators is

likely to limit male fitness gain from increased pollen

production (Charnov 1979; Lloyd 1984; Harder and

Thomson 1989).

Low ovule and high pollen production should result in

higher pollen–ovule (P/O) ratios in wind-pollinated spe-

cies compared with animal-pollinated species. Although

Pohl (1937) concluded that P/O ratios were of similar

magnitude, Cruden (2000) and Michalski and Durka

(2009) found P/O ratios on average higher in wind-

pollinated species. Nevertheless, relative to animal-

pollinated species, information regarding the reproductive

and floral biology in anemophilous species is scarce

(Ackerman 2000), and the number of studies concerning

ovule and pollen production in wind-pollinated species is

quite low (Cruden 2000). Thus, based on more com-

prehensive data, hypotheses concerning wind-pollinated

species could be evaluated with more explanatory power.

In general, life form and pollination mode have been

found to contribute significantly to variation in P/O

ratios (Michalski and Durka 2009). However, because

woody perennials might be, on average, larger than

herbaceous plants, it was hypothesized that, especially in

wind-pollinated species, several size effects could lead to

increased floral male allocation, and thus higher P/O

ratios, in woody perennials than in herbaceous plants

(Michalski and Durka 2009). Also, Cruden (2000)

hypothesized that, in wind-pollinated species with only

homoecious, hermaphroditic flowers, P/O ratios were

lower than in species with a monoecious or dioecious

sexual system. He argued that, assuming equal densities

for individuals of different sexual systems, in plants with

separate sexes the average distance between putative

mates is greater than in homoecious species and there-

fore more pollen needs to be produced to outweigh the

greater transport loss.

In general, studies targeting specific groups have been

stated as essential for understanding of the evolution and

maintenance of wind pollination (Friedman and Barrett

2008). Herein we report pollen and ovule production per

flower for several species of the hermaphroditic, wind-

pollinated Juncaceae, with special reference to the genus

Juncus. Despite its widespread occurrence in many wetland

habitats, Juncus is a so far very little studied group. Since

the studies of Buchenau (1890, 1892), its reproductive

biology has been investigated in detail only rarely (e.g.,

Michalski and Durka 2007a; Michalski and Durka 2007b).

Juncus species are known to produce numerous seeds per

capsule (Kirschner et al. 2002) and, at the same time,

pollen production seems quite low. For example, when

pollen concentrations in the air were recorded for several

sites in Great Britain or southwest Spain, pollen of Junc-

aceae was found far less frequently than any other ane-

mophilous pollen type (Proctor et al. 1996; Rodriguez

et al. 2007). More directly, for Juncus pusillus a conspic-

uous low pollen production has been reported (cited in Pohl

1937). In conclusion, Juncus species appear to exhibit low

P/O ratios in comparison with other wind-pollinated

species.

We relate ovule and pollen production of Juncus species

to wind-pollinated angiosperm species in general and,

using this comprehensive data set, test the following

hypotheses on pollen and ovule production in wind-polli-

nated species:

1. Woody perennials exhibit, on average, higher P/O

ratios than herbaceous species;

2. Dicliny affects variation in P/O ratios resulting in, on

average, lower P/O ratios in homoecious than in

monoecious or dioecious species.
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Materials and methods

Pollen and ovule counts for species of Juncaceae and some

other wind-pollinated species were obtained as described

by Cruden (1977) and therefore, fresh flowers, flowers

preserved in 70% ethanol or dried material were examined.

Flowers were collected from raised plants (Juncus valva-

tus), from natural populations, or from plants grown in

botanical gardens (Table 1). Anthers of flowers had not

opened at the time of collection. Juncus and Luzula species

release their pollen in tetrads, thus the number of tetrads

per flower was determined and then multiplied by four to

obtain the number of pollen grains per flower. For

monoecious Carex species, all male and female flowers in

an inflorescence were counted and the male/female ratio

was computed. The mean number of pollen grains per

staminate flower was obtained from six to ten flowers per

inflorescence. Because female flowers in Carex bear only

one ovule, a P/O ratio was then obtained at inflorescence

level by multiplying the mean number of pollen grains per

staminate flower by the male/female ratio. For monoecious

Quercus robur the P/O ratio was obtained as for Carex but

assuming six ovules per pistillate flower (Mogensen 1975).

Pollen and ovule production, and P/O ratios of other

wind-pollinated species were compiled from original

papers. P/O ratios for some species with hermaphroditic

Table 1 Pollen and ovule production for species of Juncaceae and some additional taxa

Species Source N Pollen per

flower ± SD

Ovules per

flower ± SD

P/O ratio ± SD

Juncus acutiflorus Ehrh. ex Hoffm. Rathenow, Germany 9 10,808 ± 666 28.1 ± 1.6 386 ± 35

Juncus alpinoarticulatus Chaix La Fouly, Switzerland 8 3,771 ± 802 48.3 ± 10.6 79 ± 16

Juncus articulatus L. Halle (Saale), Germany 11 4,516 ± 1,091 44.9 ± 7.2 103 ± 28

Juncus atratus Krock. Parey, Germany 13 6,050 ± 1,723 43.8 ± 7.8 144 ± 54

Juncus bufonius L.* Warnau, Germany 9 1,239 ± 881 74.8 ± 12.5 17 ± 10

Juncus bulbosus L. Halle (Saale), Germany 7 7,784 ± 1,530 39.6 ± 7.5 204 ± 58

Juncus compressus Jacq. Halle (Saale), Germany 5 15,504 ± 1,069 114.6 ± 8.0 136 ± 15

Juncus conglomeratus L. Halle (Saale), Germany 10 4,175 ± 500 68.5 ± 15.0 63 ± 11

Juncus effusus L. Halle (Saale), Germany 8 3,480 ± 515 74.0 ± 7.1 48 ± 10

Juncus ensifolius Wikstr. Botanical Garden

Regensburg, Germany

6 1,802 ± 324 49.0 ± 3.2 37 ± 5

Juncus filiformis L. Dessau, Germany 12 7,894 ± 3,287 105.0 ± 22.5 83 ± 46

Juncus inflexus L. Halle (Saale), Germany 6 10,262 ± 406 95.3 ± 19.1 111 ± 18

Juncus nodosus L. Saskatoon, Canada 8 4,044 ± 362 29.6 ± 3.4 137 ± 14

Juncus squarrosus L. Altenberg, Germany 10 28,656 ± 6,160 68.5 ± 4.9 420 ± 92

Juncus subnodulosus Schrank Mose, Germany 8 14,052 ± 900 21.9 ± 3.7 661 ± 128

Juncus tenuis Willd.* Halle (Saale), Germany 7 6,816 ± 1,078 192.4 ± 22.5 36 ± 5

Juncus torreyi Coville Saskatoon, Canada 10 4,092 ± 432 34.8 ± 2.0 118 ± 14

Juncus trifidus L. Innsbruck, Austria 10 19,848 ± 3,974 17.9 ± 4.2 1,157 ± 351

Juncus valvatus Link Botanical Garden,

Coimbra, Portugal

6 2,366 ± 107 46.0 ± 2.3 52 ± 4

Luzula campestris (L.) DC. Halle (Saale), Germany 8 61,320 ± 30,257 3.0 20,440 ± 10,086

Luzula luzuloides (Lam.)

Dandy & E. Willm.

Mansfeld, Germany 10 38,208 ± 8,661 3.0 12,736 ± 2,887

Luzula multiflora (Ehrh.) Lej. Halle (Saale), Germany 8 10,215 ± 3,223 3.0 3,405 ± 1,074

Luzula nivea (Nathh.) DC. Botanical Garden,

Regensburg, Germany

10 34,584 ± 7,381 3.0 11,528 ± 2,460

Luzula pilosa (L.) Willd. Dorndorf (Saale), Germany 10 22,728 ± 6,857 3.0 7,576 ± 2,286

Alopecurus pratensis L. Halle (Saale), Germany 10 8,334 ± 1,308 1.0 8,334 ± 1,308

Anthoxanthum odoratum L. Halle (Saale), Germany 10 10,440 ± 1,979 1.0 10,440 ± 1,979

Carex acuta L. Halle (Saale), Germany 2 8,433 ± 1,535 1.0 11,432 ± 248

Carex disticha Huds. Halle (Saale), Germany 4 5,464 ± 1,407 1.0 8,273 ± 3,246

Carex umbrosa Host Halle (Saale), Germany 5 11,148 ± 1,341 1.0 17,019 ± 2,533

Quercus robur L. Halle (Saale), Germany 1 19,432 ± 3,809 6.0 98,527

Asterisk indicates annual species
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flowers could also be obtained from studies concerning

pollen production only (e.g., Agnihotri and Singh 1975;

Subba Reddi and Reddi 1986; Prieto-Baena et al. 2003).

From these studies and for species with a known invariant

number of ovules produced per flower, P/O ratios were

derived assuming that individuals bear flowers all alike

(e.g., Poaceae, Cyperaceae). If for one species data was

obtained from multiple studies, values were averaged and

than used for the analysis. For all species compiled, life

form (herbaceous or woody perennial) and sexual system

(homoecious or not) were recorded.

Because P/O ratios follow a log-normal distribution (see

also Fig. 1) and to meet the assumptions of standard

statistical tests, pollen number per flower and P/O ratios

were log-transformed prior to all analyses. The full data set

is available in the Electronic Supplementary Material.

Trait correlations among a set of species can be the

result of either phenotypic convergence or phylogenetic

constraints. Hence, in comparative analyses the phylo-

genetic relatedness among species investigated should be

taken into account. However, in similar analyses compar-

ing P/O ratios of taxa representing a wide range of phy-

logenetic diversity, results were not altered by correcting

for phylogenetic relatedness (Götzenberger et al. 2006,

2007; Michalski and Durka 2009). Moreover, phylogenetic

relationships within Poaceae, which makes up 50% of the

data set, and other taxa are not fully resolved for many

species, rendering any analyses less powerful. We therefore

present phylogenetically uncorrected data only.

Results

We compiled pollen and ovule production per flower and

P/O ratios for, in total, 290 wind-pollinated species from 40

families out of 46 published original papers and additional

sources, as well as from our own counts, which are dis-

played in Table 1. We obtained data for 236 herbs and 54

woody perennials, of which 24 (10%) and 39 (72%) were

nonhomoecious, i.e., monoecious or dioecious, respec-

tively. Best represented families were Poaceae (N = 144),

Juncaceae (N = 24), Amaranthaceae (N = 14), Cypera-

ceae (N = 14), and Potamogetonaceae (N = 11). Pollen

production ranged from 61 grains per flower in Vulpia

myuros to 5,256,000 in Rhizophora apiculata. Ovule pro-

duction per flower varied between 1 (e.g., Poaceae) and

940 in Marathrum rubrum. P/O ratios ranged from 17 in

Juncus bufonius to 9,411,475 in Carya tomentosa.

Pollen and ovule production in Juncaceae

For the 19 Juncus species investigated, pollen production

per flower ranged from 1,239 to 28,656, and ovule pro-

duction from 18 to 192. P/O ratios were in the range

between 17 and 1,157 (Table 1). Comparing pollen and

ovule numbers of Juncus species with that of other

homoecious wind-pollinated herbs, no significant differences

in pollen production per flower were found (Welch

two-sample t test, t = 0.91, df = 34.1, P = 0.37). Never-

theless, ovule production was higher in Juncus species

(t = 5.28, df = 28.3, P \ 0.001), and consequently P/O

ratios were significantly lower in Juncus (t = 13.39,

df = 24.9, P \ 0.001). Indeed, Juncus species had P/O

ratios in the lower 28% percentile of all homoecious herbs

(Juncus: mean log P/O ratio ± SD = 2.06 ± 0.46, N =

19; all other homoecious herbs: mean log P/O =

3.60 ± 0.62, N = 193). Among the Juncus species inves-

tigated, the two annual species, J. bufonius and J. tenuis,

had the lowest P/O ratios. When compared with the closely

related and also homoecious Luzula species, lower P/O

ratios in Juncus were due to both a higher number of ovules

per flower in Juncus (63.0 ± 41.7) than in Luzula (3),

and also due to a lower pollen production per flower in

Juncus (8,272 ± 7,027) than in Luzula (33,411 ± 19,075,

Table 1).

Wind-pollinated species in general

On average, P/O ratios in homoecious species (mean log

P/O = 3.52 ± 0.80) were lower than for species with

separate sexes (log P/O = 4.28 ± 1.12; t = -4.24, df = 51.8,

P \ 0.001), even if Juncus species were excluded (data not

shown). Pollen production per male flower was lower in

homoecious species than in monoecious and dioecious

species, but ovule production did not differ significantly

between groups (data not shown). In general, herbaceous

species (log P/O = 3.51 ± 0.77) exhibited lower P/O

ratios than woody perennials (log P/O = 4.37 ± 1.18;
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t = -4.46, df = 49.2, P \ 0.001). Pollen production was

higher in woody perennials; however, the number of ovules

per flower was not significantly different between groups

(data not shown).

Herbs and woody perennials were also analyzed sepa-

rately for differences between homoecious species and

species with separate sexes. Here, following the general

trend, homoecious herbs exhibited lower P/O ratios (t =

-3.01, df = 16.8, P = 0.008) and lower pollen production

than monoecious or dioecious species (t = -4.82,

df = 25.9, P \ 0.001). Ovule production did not differ

between groups (data not shown). Unexpectedly, for

woody perennials, pollen production was larger in

homoecious than in monoecious or dioecious species

(t = 2.40, df = 21.4, P = 0.03); however, neither ovule

production nor P/O ratios were significantly different

(P [ 0.16). The differences in pollen numbers were due to

three Rhizophora species known to produce exceptionally

large pollen quantities per flower (Tomlinson et al. 1979).

When Rhizophora was excluded, the differences in woody

perennials between homoecious and monoecious or dioe-

cious species were nonsignificant (P [ 0.14).

Discussion

Ovule and pollen production in Juncus

Among wind-pollinated taxa, Juncus species exhibit

unusually low P/O ratios, representing the lower end of the

distribution (Fig. 1). The low P/O ratios in Juncus, as

compared with other wind-pollinated species, are the result

of increased ovule production which is not compensated

for by an increase in pollen production. High ovule pro-

duction is unusual for wind-pollinated species, and thus

fairly difficult to explain. The benefits of reduced number

of ovules per flower when pollination is achieved by wind

seem to be outweighed in Juncus by fitness gains through

increased ovule and therefore seed production. For plants

that colonize open, ruderal, and disturbed habitats, pro-

duction of a large number of smaller seeds, associated with

the ability for self-fertilization, is probably more beneficial

than producing fewer, but larger and more competitive

seeds (cf. Baker 1955; Mazer 1989; Westoby et al. 1996).

Indeed, Juncus species generally grow in wetlands or open

and disturbed habitats (Balslev 1996). Their small seeds are

produced in large quantities (e.g., Moore and Burr 1948;

Salisbury 1974) and have the potential for being easily

dispersed by wind, animals or water (Richards and

Clapham 1941; Alsleben et al. 2004). Also, many Juncus

species are known to build up extensive and long-lasting

seed banks (Thompson et al. 1997; Jensen 2004) that can

help to maintain populations in temporally fluctuating

environments. Thus, the increased ovule production in

Juncus is possibly highly beneficial in its preferred

habitats.

Nevertheless, for wind-pollinated species, producing

numerous ovules per flower may hold the risk of severe

pollen limitation. The ability for self-fertilization can

reduce pollen limitation (Larson and Barrett 2000), and in

fact, self-fertilization is described for several species of

Juncus (Graebner 1934; Richards and Clapham 1941;

Edgar 1964; Keighery 1985; Michalski and Durka 2007a)

and was hypothesized to be the rule for the whole genus

(Buchenau 1892). Also, a peculiar flowering phenology,

synchronous pulsed flowering, has been described for some

species (Buchenau 1892; Michalski and Durka 2007b),

which may decrease pollen limitation and increase seed

quality.

Self-fertilization can be associated with severe costs

when selfed offspring suffer from inbreeding depression, as

was demonstrated for Juncus atratus (Michalski and Durka

2007a). Reproductive assurance and reproductive com-

pensation, the production of a greater number of ovules

than mature seeds, and therefore the ability for selective

abortion may favor increased selfing rates despite sub-

stantial inbreeding depression (Porcher and Lande 2005;

Harder et al. 2008). However, neither mechanism has been

experimentally demonstrated for Juncus species, although

there is some evidence for reproductive compensation in

Juncus squarrosus, which produces numerous ovules of

which many fail to develop into seeds (Welch 1966). In

conclusion, we hypothesize that high ovule production per

flower in Juncus, as compared with other wind-pollinated

species, is an adaptation to survival in disturbed habitats

and accompanied by a high degree of self-fertilization.

P/O ratios have been found lower in species shedding

their pollen in tetrads or larger units than in species with

monads (Cruden 2000). It was hypothesized that low P/O

ratios may evolve in species with aggregated pollen

because of increased local mate competition if more sibling

pollen grains reach individual stigmas than are needed to

fertilize all available ovules (Harder and Johnson 2008).

However, low P/O ratios in Juncus are unlikely to be

related to the production of pollen tetrads, because mem-

bers of the sister genus Luzula, which also produce tetrads,

have much higher P/O ratios.

Ovule and pollen production in wind-pollinated species

in relation to life form and sexual system

In general, we found P/O ratios to be lower in homoecious

and herbaceous species than in nonhomoecious and woody

perennials, respectively. This substantiates the results of

earlier comparisons for wind-pollinated species with lower

sample size (Cruden 2000; Michalski and Durka 2009).
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Surprisingly, when looking in more detail, P/O ratios in

woody perennials did not differ between homoecious and

nonhomoecious species.

This finding may challenge the hypothesis that lower

P/O ratios in homoecious compared with nonhomoecious

species result from shorter distances between mates in the

former (Cruden 2000). Because, in our analyses, monoe-

cious and dioecious species were grouped together as

nonhomoecious, it might be argued that the missing dif-

ference between the sexual systems is the result of

monoecious species that may not in all cases show larger

distances between mates (Cruden 2000). However, even if

only homoecious and dioecious woody perennials were

compared, no differences in P/O ratios could be found

(t = 0.53, df = 28.7, P = 0.60). Thus, even though Cru-

den’s consideration is not generally falsified, our results

suggest that additional mechanisms are involved.

It has long been known that higher P/O ratios are, on

average, related to higher degrees of outcrossing (Cruden

1977; Michalski and Durka 2009). This relationship is well

understood in theory (Charnov 1979; Charlesworth and

Charlesworth 1981). Furthermore, it has been hypothesized

that the evolution of mating systems is not independent of

life form, because in large-statured, woody perennials a

larger lifetime mutational load may prevent selection for

increased selfing (Scofield and Schultz 2006). This

hypothesis is supported by empirical studies (Scofield and

Schultz 2006; Michalski and Durka 2009). Hence, inde-

pendent of the sexual system, in woody perennials adap-

tations for outcrossing should be predominant, possibly

resulting in similar and relatively high P/O ratios. On the

other hand, in mostly small-statured and short-lived herbs,

homoecious species are likely to show the complete range

of mating systems including self-fertilization, whereas

nonhomoecious herbs are more likely to be predominantly

outcrossed. In this group, dioecious species are necessarily

outcrossed and, although in many monoecious species self-

pollination is possible, they often exhibit some form of

self-incompatibility mechanism (Proctor et al. 1996).

Consequently, the average outcrossing rate in homoecious

herbs is lower than in nonhomoecious herbs, and may

correlate with differences in P/O ratios. Thus, we

hypothesize that the observed difference between herba-

ceous and woody perennials with respect to P/O ratios and

sexual system can be attributed to the influence of the

mating system.
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Andrew R (1984) A practical pollen guide to the British flora.

Quaternary Research Association, Cambridge

Baker HG (1955) Self-compatibility and establishment after ‘long-

distance’ dispersal. Evolution 9:347–348

Balslev H (1996) Flora Neotropica: Juncaceae. The New York

Botanical Garden, New York

Buchenau F (1890) Monographia Juncacearum. Bot Jahrb Syst

12:1–495

Buchenau F (1892) Ueber die Bestäubungs-Verhältnisse bei den
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