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The hypothesis that masting by trees is a defensive sirategy which satiates seed predators fiv mast
years and starves them in the intervening periods is tested in 59 sets of data on the seed production
and pre-dispersal seed-predation of 25 tree species. Twenty-four of the 59 data-sets support the
hypothesis and show a statistically significant positive relationship between the proportion of seeds
surviving the pre-dispersal stage and the log,, of the crop size lor the same year. Evidence that pre-
dispersal seed survival increases with the length of the mast interval is poor. _

A positive relationship between the strength of the masting habit and the maximum observed pre-
dispersal seed mortality in a sample of 15 tree species suggests that the masiing habit is best
developed in predator-prone species. A survey of seed crop [requencies in the woody plant flora of
North Awmerica shows masting species to be under-represented amongst shrubs and amongst trees
which disperse their seeds in Heshy dispersal units. The selection pressures and evolutionary
constraints which operate on the evolution of masting plants and their seed predators are discussed.
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* INTRODUCTION

Many forest tree _populatiohs,pfodu;:é sced _érops synchronously at irregular
intervals but with an average periodicity characteristic of the species {Fowells,
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1965). Other things being equal, reproductively mature organisms which skip
potential breeding seasons will have a lower fitness than those which reproduce
at every opportunity (Bull & Shine, 1979; Waller, 1979). This consideration and
the synchrony of reproduction within populations of trees has lead to the
suggestion that this masting behaviour is of positive survival value to the
individuals which exhibit it (Janzen, 1971). It has been suggested that the masting
habit in plants is an anti-predator adaptation which satiates predators with more
seeds than they can consume in mast years and prevents predator populations
building up on these occasional bonanzas by starving them of seeds in the
intervening periods. An explanation of this kind has been put forward for the
evolution of periodical reproduction in semelparous bamboos (Janzen, 1976)
and periodical Cicadas (Lloyd & Dybas, 1966a; Dybas & Lloyd 1974;
Hoppensteadt & Keller, 1976; Bulmer, 1977).

The predator satiation hypothesis for the evolution of masting in trees is
examined in this paper by means of a review of quantitative data of seed
production and pre-dispersal seed predation. This is the first use of quantitative
data in this way to answer two crucial questions: (1) Is the supposed predator
satiation mechanism effective in reducing seed predation in mast years? and (2)
Why do some trees exhibit the masting habit whilst others do not?

ANALYSIS OF THE DATA

Does predator satiation work?

There are three interdependent elements in the hypothetical defensive strategy
of periodical reproduction, The first simply involves the production of enough
seeds to satiate predators, thus ensuring that some seeds escape. The second
element involves timing the interval between mast years so that any increase in a
predator population caused by one period of prey surfeit has had time to decay
before the next large crop is produced. The third element in the strategy is
synchronous seed production between individuals in the same population and
between populations of sympatric species sharing the same seed predators. This
synchrony increases the effectiveness of the first two elements in the strategy in
reducing predation upon individual trees’ seeds. These three elements are
examined in turn. ‘

The relationship between seed crop size and seed survival

The diverse literature of forest entomology, forest generics, forest
management, primary production and energy flow in woodlands contains a
number of studies where the seed production of species and the pre-dispersal
mortality of seeds has been measured on an annual basis.

Fifty-nine sets of data covering 25 species were selected from the available
literature (Appendix 1). Studies providing less than five years data and the very
few accounts of post-dispersal seed mortality have not been used. A large insect
fauna of cone predators and seed parasitoids is associated with many forest trees
(e.g. Keen, 1958; Janzen, 1971) and seeds also form a more or less important part
of the diet of many vertebrates (reviewed by Van Dersal, 1940; Smith & Aldous,
1947; Martin, Zim & Nelson, 1968; Janzen, 1971; Corbet, 1974). Not all sources
of data used specify the exact cause of pre-dispersal seed mortality and a number
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ol authors use only the term ‘viability” or ‘soundness’ to indicate the proportion
of viable seeds dispersed after pre-dispersal mortality has operated. These cases
are indicated by an appropriate entry under ‘predator’ in Appendix 1.

Two possible additional sources of reduced seed “viability’ or ‘soundness’ not
due to predators are pollination failure (Sarvas, 1968} and embryo death
following self pollination (Bramlett & Popham, 1971). Pollination failure will
generally cause the abortion of seeds before seed crop size can be estimated and it
is unlikely that total seed crop size has been overestimated due to the inclusion of
unfertilized seeds. Complete gymnosperm fruits may develop alter the death of
self-fertilized embryos and this is a more likely source of error in estimating total
seed crop size and the proportion of seeds surviving pre-dispersal mortality in
cases where predation 1s not explicitly stated to be the cause.

Crop size itself was generally measured as either the number of cones or seeds
per unit area. Details are given in the key to Appendix 1. A correlation coefficient
(r) of log,, (crop size) and the proportion of seeds surviving predation or other
pre-dispersal mortality was computed and gives a measure of the survival value
of increased crop size for individual trees in the population.

There are 24 statistically significant positive correlations of secd survival with
log,, (crop size) and two statistically significant negative correlations in the
sample of 59 cases analyzed. Eleven of the 24 cases do not refer to specific
predators as the cause of seed mortality. Predation is the most likely factor to
produce correlations between crop size and mortality though such a correlation
might also be the result of embryo-lethality due o selfing if the selfing rate was
inversely proportional to crop size. Even assuming the latter explanation to be
the correct one, the sample contains 13 instances in which a selection pressure in
favour of large crops is exerted by predators.

The relationship between mast interval and seed survival

If a minimum interval between mast crops is an important factor in preventing
predator populations increasing steadily after every large crop, we may expect to
find that seed survival in the crops following mast years is lower than that
predicted by the relationship between seed survival and crop size in the same
year. Data for 14 of the 24 cases of a significant relationship between crop size and
sced survival are complete enough to provide six consecutive years of
information and thus five comparisons of the effect of the size of one years’ seed
crop on the following years’ seed survival. In only three of these populations is
there any relationship between the residual variance in seed survival for a year
and the size of the seed crop the previous year. In populations 30 (Pinus ponderosa)
and 40 (P. resinosa) there is significantly decreased seed survival in years following
large crops (r=-—0.86, P<0-01; r=-0387, P<0.05 respectively) but in
population 82 (P. ponderosa) seed survival is significantly greater in years
following large crops (r=+10.62, P < 0.05).

Seed crop sjnchro_ny

Synchronous seed production by individuals in the same population is implied
by most of the primary sources of data used in this study and is evident in the
seed crop data for individual trees given by Gysel (1956) and McNeill (1954).
Correlation matrices for the seed production of sympatric populations of
different species in seven localities are given in Table 1. All localities except one
show synchrony in seed production between some species.
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Table 1. Correlation cocfficients for annual seed crops of mixed-species forest

stands

Source N ot cv Correlation coefhicients Location
Hagner 9 2 59 Pinus sylvesiris Swoden
(14435} g 1 83  —0.56 Picea abies
Haig, T 2 132 Pinus monticola N.W. Noath
Davis & 7 1 191 —0.02 Larix eccidentalis Amicrica
Weidimann 71 69 0.71*  0.55 Psendotsuga menxierii
(1941) 71 151 0.16 0.94*** 0.72* Abi:sgmudi.l !

7 1 151 0.21 -0.24 0.12 0.04 Thuja plicata

F | 66 002 —-0.43 0.04 —0.26 0.56 Tsuga hetevophylla
Fowells & i6 2 102 Pinus ponderosa Sicrra Nevada,
Schubert 16 2 187 0.76%** P. lambertiana California, USA
(1956} 16 1 201 —0.01 0.15 Abies concolor
Flores 15 2 89 Pinus engelmanii . Chibuahua,
Calderon 15 2 82 0.67°° P, arizonica Mexico
(1969) 15 2 78 0.70** 0.42P. durangensis
Sarvas 5 1 42  Betula verrucosa Findand
{1954) 5 1 67 0.96°" B. pubescens
Downs & T 2 100 Quercus borealis _ Georgia,
McQuilkin 7 2 90 0.71* Q. velutina  * : USA
(1944} 7T 2 106 0.97** 0.59 Q. caccinea

[ 181 0.82 0.26 0.49 Q. alba

7 1 92 0.7%*  0.21 0.84*" 0.86"" Q. montana
Burns, 6 2 98  Quercus nigra Missouri,
Christisen & 6 2 74 0.78* Q. marilandica . LISA
Nichols(1954) 5 2 212 0.98*"* 0.53 Q. coccinea

6 1 22 —~0.02 047 —0.43 Q. stellata

6 1 55 0.18 -0.15 —0.06 0.55 Q. albe

Which species exhibit the masting habit?

The predator satiation hypothesis leads us to two predictions about the
oceurrence of masting in tree populations. Firstly we may expect the masting
“habit to be most pronounced in populations suffering the heaviest seed
predation. Secondly we may expect the habit to be absent from species which
produce animal dispersed fruit with protected seeds since satiation of dispersal
agents would be a poor strategy.

Masting and the intensity of predation

The intensity of the masting habit is measured by the coefficient of variation
(CV) of crop size which is tabulated for each population in Appendix 1. The
highest observed value of predation loss (m) for each case is also recorded in the
Appendix as an indication of the potential annual seed mortality a tree could
suffer. Figure 1 is 2 scatter diagram of CV plotted against m for all statistically
significant cases of positive correlation between log,, {(crop size) and seed
survival. Mean values of CV and m have been used where more than one
population of a species shows a significant correlation. In cases where more than
one factor caused seed loss in a population, only the largest identified cause of
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seed mortality is plotted. Axes have been drawn through the median values of CV
and m and show that there is an under representation of cases in the quadrant
with high CV and low m in the sample. The mast seeding habit therctore appears
to be most highly developed in those tree populations which experience high
levels of pre-dispersal seed mortality in years of low seed. production.

Masting and the dispersal of fruits and seeds

All the species considered so far and listed in Appendix 1 have non-fleshy
fruits, most of which are dispersed by wind. In those non-fleshy species dispersed
by animals {(Quercus spp.) the disg;ersal agents consume a part of the seed crop
and so behave like any other predator. Only those seeds cached for later use but
not subsequently eaten by these vertebrate predators are genuinely dispersed. An
effectively different kind of animal dispersal occurs in species with seeds borne in
fleshy dispersal units. In these cases all seeds usually pass through the gut of the
dispersal agent unharmed.

Data on the type of dispersal unit, the periodicity of large seed crops and the
growth habit of 63 genera in 27 families of woody plants native to North America
are tabulated in Appendix 2 (Schopmeyer, 1974; U.S.D.A., 1948). These data
have been used to identify 77 independent cases of woody plants with a
combination (syndrome) consisting of one of two types of dispersal unit (fleshy or
non-fleshy), one of two types of seeds crop periodicity (masting plants with a
mean intercrop interval > 1.5 years, non-masting plants with a mean intercrop
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Figure 1. The relationship between CV¥ and m for 15 tree species. Median lines are shown dashed.
P=10.01 (Fisher's exact test, one tail). The species are: 1, Abies concolor; 2, Acer saccharium; 3, Betula
pubescens; 4, Fagus grandifolia, 5, F. sylvatica; 6, Larix occidentalis; 1, Picea abies; 8, Pirus banksiana; 9, P.
contorta; 10, P. lambertiana; 11, P. palustris; 12, P. penderosa; 13, P. resinose; 14, P. laedu; 15,
Pseudotsuga menziesii.
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interval €1.5 years) and one of two types of growth habit (shrub or tree). Three
editorial rules were applied to the data to avoid the spurious multiplication of
particular syndromes in the sample due to phylogenetic inertia in large taxa
(Stebbins, 1970; Clutton-Brock & Harvey, 1979). Different species in the same
genus and with the same syndrome were counted as a single case, large genera
{Quercus and Pinus) containing a single predominant syndrome but with one or
two exceptional species were scored for the predominant syndrome only,
different geneva in the same family and with the same syndrome were counted as
a single case. Table 2 shows the distribution of taxa by dispersal type and seed
crop frequency in shrubs and trees. i

A comparison of the frequency of different syndromes in these taxa shows that
masting occurs significantly more often in trees than shrubs and in trees with
non-fleshy dispersal units as compared with trees with fleshy dispersal units. G
test: G=7.15, P<0.01, and G=16.9, P < 0.001, respectively (Sokal & Rohlf,
1969).

DISCUSSION

Thirteen cases of a significant relationship between crop size and seed survival
in the period before seed dispersal demonstrate that predators are likely to exert
a selection pressure in favour of increased crop size, an important element in the
predator satiation mechanism. A further 11 correlations between crop size and
seed survival may also be due to the satiation of predators by mast crops. The
evidence that the length of the intermast period is also an important factor in
increasing the proportion of seeds which escape pre-dispersal seed predation is
poor. The most important factor determining the length of the intermast period
may be the time required for the accumulation of the starch and assimilates
necessary to produce an eventual mast crop capable of satiating predators and
with seeds to spare. Several studies have shown that seed production in forest

Table 2. The distribution of 26 shrub taxa and 41 tree taxa by dispersal unit and
seed crop frequency. Shrubs and fleshy fruited trees are predominandy annual
seeders (P < 0.01, P < 0.001 respectively)

Fleshy Nou-lleshy
dispersal unit dispersal unit
Non-tnasting
Shrubs (€ 1.5 years) H 9
Seed crop
frequency Masring
(> 1.5 years} 3 3
14 12
Non-masting
Trees (< 1.5 years) 11 12
Seed crop .
frequency Masting
> 1.5 years) 4 14

15 ‘ 26
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trees occurs at the cost of a decreased increment in tree-girth in mast years
{(Holmsgaard, 1956; Eis, Garman & Ebel, 1965). Clearly the cost of reproduction
itself must ake it physiologically impossible for seeds to be produced in large
nuinbers every year.

The length of the intermast period itself may not be of primary importance to
the predator satiation mechanism. This would be somewhat surprising in view of
the fact that the abundance of tree seeds appears to be a limiting lactor in the
population regulation of a number of forest rodenis, often operating on
population size with a time delay of one year (Burns, Christisen & Nichols, 1954 ;
Watts, 1969; Kemp & Keith, 1970; Hansson, 197 1). Passerine populations which
feed on tree seed also commontly fluctuate in relation to the masting behaviour of
trees (Formosoff, 1938; Reinikainen, 1937; Perrins, 1966). 1t is possible that the
length of the intermast period could be more important in the satiation of post-
dispersal seed predators for which data are unfortunately scarce.

According to the predator satiation hypothesis the offspring of individuals
which produce out of synchrony with others will not be protected by the satiation
of predators which occurs when prey is abundant. In the light of the
relationships between crop size and seed survival demonstrated above the
synchrony observed in seed production within species is very likely to enhance
the individual fitness of trees. Synchrony between species which share the same
predators will have the same effect on seed survival as synchrony within species,
though synchrony between species is quite likely to be fortuitous, unless
populations have been sympatric for a considerable time. The abundant evidence
that mast years are highly correlated with specific climatic conditions in nearly all
species studied (Matthews, 1963; Puritch & Vyse, 1972) makes it clear that trees
use environmental cues to achieve synchrony but it also lends support to the
hypothesis that irregular seed production may be solely a consequence of
environmental and physiological constraints on seed production. The major
difficulty of this hypothesis is that it cannot readily explain why all forest tree
species do not exhibit the masting habit to the same degree.

The predator satiation hypothesis predicts that masting should occur in
populations subject to intense seed predation. The relationship between the
coeflicient of variation of crop size and maximum pre-dispersal seed mortality
shown in Fig. 1 suggests that it is definitely worth pursuing predator satiation
further as an explanation of masting. The necessary inclusion of data in Fig. 1 for
populations where predation has not positively been identified as the cause of
seed mortality makes the case employing the present state of knowledge less than
conclusive. Intense seed predation is not confined to woody plants and the
potential exists for predator satiation to favour the evolution of the masting
habit in some herbs too. Darwin (1859) observed that birds often eat the entire
crop of seed on small quantities of wheat planted in a garden but make little
inroad on field acreages of the same species. Though we cannot expect annual
plants to mast, a diminishing predation rate with increasing seed crop has also
been observed for the infestation of Miarus campanulae (Coleoptera) in seed heads
of the small grassland perennial herb Campanula rotundifolia (Morris, 1973). It is at
least conceivable that mast seeding behaviour could evolve in herbaceous
perennial plants and that it is apparently confined to woody species only because
the seeding habits of herbs have not been sufficiently studied. What then are the
constraints which may prevent the evolution of the masting habit taking place?
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The comparison of seed crop frequencies in woody plants of different growth
habits and seed dispersal types suggests two constraints which have operated on
the evolution of masting. Masting is uncommon amongst shrubs possibly
because these plants tend to be short lived (Har})er & White, 1974) and therefore
cannot afford barren seasons. Shrubs generally have smaller seeds borne in
smaller clutches than trees (Levin & Kerster, 1974; Levin & Turner, 1977) which
may be alternative defensive strategies against seed predators (Janzen, 1968). The
absence of masting from shrubs because they are short-lived would suggest that a
relation between longevity and mast interval should also occur in masting trees.
Such a relationship does indeed exist for North American species in the genus
Pinus (Fig. 2) but is not repeated in another large North American genus, the
Oaks (Silvertown, unpublished). An alternative explanation for a relationship
between longevity and mast interval is that early death reflects the physiological
cost of frequent bouts of heavy reproductive effort. This is the explanation
offered for a negative relationship between adult survivorship and annual
fecundity in 18 species of lizard studied by Tinkle (1969). Whatever the ultimate
explanation of the relationship between seed crop frequency and adule sur-
vivorship, the presence of this constraint and of the constraint of dispersal type
on the occurrence of masting in woody plants strongly suggests a corresponding

. advantage to masting which must prevail in the maintenance of the habit in
longer lived plants with non-fleshy seeds during the course of evolutionary time.

Our discussion up to now has been confined to the factors which favour and
disfavour masting as a habit which has already evolved. Bulmer (1977) has raised
the question of what initial conditions are necessary for the de nove evolution of
periodical reproduction in insects and similar arguments apply here. Mutant
individuals which delay their reproduction in a hypothetical ancestral population
where all other individuals reproduce annually will not benefit from the effects of
predator satiation since such benefits only arise when periodical reproduction is
already established throughout .the prey population. Non-periodical
reproduction is an evolutionary stable strategy (Maynard Smith, 1976). If,
however, there are environmentally induced fluctuations in the size of seed crops,
then predation and the operation of the predator satiation mechanism would
ensure the evolution of synchrony in seed production between individuals. The
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Figure 2. The relationship between length of reproductive lile (maximum commercial seed bearing
age) and mean mast interval for 12 North American pine species. (F, =787, P<0.025.) Dam
from U.5.D.A. (1948},
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evidence that mast years are highly correlated with climatic conditions suggests
that environmentally induced fluctuation in seed crop size did occur in ancestral
populations of forest trees. If environmental cues effect a coarse tuning of
fruiting synchrony and predator satiation occurs, selection may operate to tunc
the environmental response more finely, acting against those individuals that are
deviant.

The seed predators exerting the strongest selection in favour of masting are
likely to be the monophagous seed parasites found associated with most tree
speaies (Keen, 1958). Predators in their turn may evolve tactics such as extended
diapause (Kraft, 1968) to enable them to track seed production over éxtended
periods of time. Smith (1970) has discussed the coevolution of pine squirrels and
conifers and has shown that the latter have evolved morphological characteristics
to reduce the predation of cones. Examples of coevolution between bird
predators of seeds and trees has also recently been discussed by Ligon (1978) and
Bosemna (1979). It is clear that the interactions between masting trees and their
invertebrate and vertebrate seed predators are strong enough to exert the kind of
selection pressures necessary to accentuate environmentally induced fluctuations
in crop size through evolutionary time into more pronounced, adaptive
fluctuations of the kind these trees exhibit.
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APPENDIX 2
Seed crop frequency and growth habit in the woody plant flora of North America.
Seed crop interval —~<1.5 years (non-masting} + seed crop interval > 1.5 years
(masting). Data from Schopmeyer (1974) and U.S.D.A. (1948)

Fanily Genus Dispersal unit Shiub Tree
Avcractat Acer Samara -+
Ancardiaceae Rhus Drupe -
Cotinus Drupe -
Annonaceac Asimina Berry - ;
Berberidaceae Berberis Berry -
Berulaceae Alnus Nut +
Betula Nur - -+
Carpinus Nut +
Corylus Nut +
Bigoniaceae Calalpa Seed +
Campsis Seed -
Buxaceae Strmmondsia Seed -
Caprifoliaccac Sambucus Drupe - -
Symphoricarpos Drupe -
Viburnum Drupe + - -
Celastraccae Celastris Aril + seed -
Euonymus Aril + seed -
Chenopodiaceae Atriplex | Utricle -
Eurotia Utricle -
Compaosttae Artemesia Achene . -
Baccharis Achene -
Chrysothamnus Achene -
Haplopappus Achene -
Corngceae Cornus Drupe - +
Nyssa Drupe +
Cupressaceae Chamaecyparis Seed +
Cupressus Seed - -
Juniperus Fleshy strobilus +
Libocedrus . Seed +
Thuya ©+ Seed +
Ebenaceac Diospyros Berly -
Elacagnacear Elaeagnus Brupaceous achene -
Spherdia Drupaceous achene -
Ericaccae Arbutus Berry -
Oxydendrum Seed -
Fagaccace Fagus Nut +
Lithocarpus Nut +
Quercus Nut ‘ +
Grossulariaceae Ribes Berry +—
Hamamelidaceae Liquidamber Seed +
Hippocastanaceae Aesculus Nut _
Juglandaceae Carya Nut +—
Juglans Nut +
Lauraceae Sassafras Drupe -
Umbellularia Drupe ~—
Leguminosae Amorpha Seed +
Cereis Seed +—
Cladrastis Seed +
Gleditsia Seed -
Robinia Seed -
Magnoliaceae Liriodendron Samara -
Magnolia Drupe -
Moraccae Morus Berry +
Maclura Berry -
Olcaceae Mendora Seed -
Chionanthus Drupe -

Fraxinus Samara + =
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Pituceac

Plianacear
Ranunculaceae
Rhamnaceae

Rousaccae

Salicaceae

Sapindaceae
Taxiweae
Taxodiaceae

Tilisccae
Ulmaceac

Fallugia
Malus
Photing
Physocarpus
Prunus
Purschia
Rosa

Rubus

Papu{m

Sapinelus
Taxns
Sequoia
Taxodsum
Tilia
Ulmus
Celtis

J. W. SILVERTOWN
APPENDIX 2 CONTINUED

Seed
Seed
Seed

- Seed

Seed
Seed
Achene
Achene
Drupe
Drupe
Pome
Pome
Achene
Drupe
Achene
Achene
Pome
Pome
Inflated follicle
Drupe
Achene
Pome
Berry
Seed

Drupe

Aril + Seed
Secd

Seed
Woody fruit
Samara
Drupe

.

|+ 4+ + + 4+

= (+)
"L

+ Aspens
= Cottonwoods

ok + |

)





