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Abstract

This study attempted to find consistent relationships between climate, latitude, and the richness of plant species on
sand dunes. The richness of plant species on sand dunes in the Northern and the Southern hemisphere decreased with
latitude or increased with air temperature. This suggests a latitudinal gradient of vascular plant richness on sand dunes
in both hemispheres. However, the relationships between the richness of coastal plant species and mean annual
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precipitation were not statistically significant in either hemisphere. There is a vital need for construction of sand dune
parks having conservation programs.
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Introduction

Coastal dunes are eolian landforms that develop in coastal situations where an ample supply of loose, sand-sized
sediment is available to be transported inland by the ambient winds (Martinez et al. 2008, Doody 2013). They are unique
ecosystems at the spatial transition between terrestrial and marine environments. Coastal dunes are part of the sand-
sharing system composed of the highly mobile beach and the more stable dune. A large variety of coastal dune forms
are found inland from and above the storm-water level of sandy beaches, and occur on ocean, and estuary shorelines.
However, many factors that affect coastal dunes, including geomorphology, sand texture, water extraction, trampling,
invasive species, grass encroachment, sea-level rise, and climate change, are happening worldwide (Barbour et al. 1987,
Castillo et al. 1991, 1996, Musila et al. 2001, Forcy et al. 2008, Houle 2008, Yu et al. 2008, Fenu et al. 2012, Moeslund et
al. 2013).

Fig 1. Major coastal dune area in the world (J.-W.KIM)
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Environmental factors and species diversity

Many plant and animal species dwell in the tropics and richness of species increases with decreasing latitudes (Currie
1991, Gaston 2000, Ohlemüller and Wilson 2000, Huston et al. 2003). An equatorward increase in the richness of species
is often paralleled by a decrease in the mean latitudinal range of species. A peak in the richness of species is predicted
at tropical latitudes (Colwell & Hurtt 1994, Cordazzo and Seeliger 1988, Costa et al. 1996). Recent studies have
addressed latitudinal gradients in species diversity and their explanations, including Rapoport's rule (Currie 1991, Rhode
1999, Gaston 2000, Hawkins et al. 2003, Wang et al. 2009): Stevens (1989) proposed Rapoport’s rule as a possible
explanation for the higher richness of species of animals and plants in the tropics. The rule postulates that tropical
species have smaller ranges on average than do temperate taxa because of the tolerance of temperate species to a
broader range of environmental conditions. Rapoport’s rule has been applied to some groups in some continents. But the
exceptions to the rule are numerous and its general applicability has been seriously questioned (Francis et al. 2003,
Gaston 2000).

Some models relate plant richness to mean annual temperature, annual water deficit, and their interaction. Other models
relate richness to annual potential evapotranspiration (PET) and water deficit. Both are globally consistent, very strong,
and independent of the diverse evolutionary histories and functional assemblages of plants in different parts of the
world (Francis and Currie 2003). Patterns of the richness of plant species in terms of resource availability and of direct
physiological effects of resource availability on plant growth have been described (Pausas and Austin 2001). They
suggest that there are a variety of patterns of the richness of species along environmental gradients.

An increase in the richness of plant and animal species correlates with net primary productivity (NPP) by means of
several potential mechanisms, such as complementarity of resource use and positive interspecific interactions, which
implies that an increase in the availability of resources favors increased diversity (Morin 2000, Ihm et al. 2012). At the
global scale of investigation, NPP is a measure of resource availability for plants and is determined by geographic
variations in climatic and edaphic characteristics, and can be readily simulated.

Hawkins et al. (2003) tried to document the support for the climatically based energy hypothesis, and evaluated two
versions of the hypothesis, that is, the productivity and ambient energy hypotheses. Focusing on studies extending over
800 km, they found that measures of energy, water, or water-energy balance could explain spatial variation in richness
better than could other climatic and non-climatic variables (Gaston 2000, Hawkins et al. 2003, Whittaker et al. 2007).
Even when considered individually and in isolation, water-energy variables explain on average over 60% of the variation in
the richness of a wide range of plant and animal groups. Furthermore, water variables usually represent the strongest
predictors in the tropics, subtropics, and warm temperate zones, whereas energy variables (for animals) or water-energy
variables (for plants) dominate in high latitudes. The results indicate that the direct or indirect interaction between water
and energy via plant productivity largely explains the globally extensive plant and animal diversity gradients, but that for
animals there also is a latitudinal shift in the relative importance of ambient energy vs. water moving from the poles to
the equator.

Recent large-scale studies have demonstrated that geographic gradients in the richness of plants, in particular of woody
plants, such as trees and shrubs, can be viewed as by-products of water-energy dynamics (O'Brien et al. 2000, Wang et
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al. 2009). A two-variable model capturing the dynamic relationship between energy (heat: light) and water (rainfall)
accounts for most of the variation in woody plant richness across southern Africa at species, genus, and family levels.

Coastal dunes and species diversity

Widespread distribution of coastal dunes is coincident with the worldwide occurrence of wave-dominated sandy
beaches and with coastal barrier systems. Further, coastal dunes exist more extensively where areas of persistent
coastal sand supply and dominant onshore winds favor episodes of inland transport to create broad dune fields. Active
as well as stabilized coastal dunes of various scales and morphologies are recognized as products of coastal dynamics
(Huston et al. 2003, Martínez et al. 2008). Flora data and environmental factor data with relatively even distributions from
coastal sand-the dune areas of northern and southern hemispheres were studied (Gaston 2000, Hesp 2004, Myeong
2010, Lee et al. 2018, Lee and Kim 2018). The richness of plant species on sand dunes in the Northern and Southern
hemispheres decreased with latitude and increased with solar energy (air temperature), which had high multicollinearity
and suggests a latitudinal gradient of vascular plants in both hemispheres (Esler 1970, Craig 1975, van der Valk 1975,
Johnson 1977, van der Laan 1979, Hay et al. 1981, Johnson 1982, Lubke 1983, Barbour et al. 1987, Sykes and Wilson
1987, Cordazzo and Seeliger 1988, Moreno-Casasola 1988, Sykes and Wilson 1991, Avis 1995, Castillo and Moreno-
Casasola 1996, Costa et al. 1996, Hellemaa 1998, Jung and Kim 1998, Musila et al. 2001, Fontana 2005, Forey et al.
2008, Houle 2008, Yu et al. 2008, Ciccarelli et al 2012, Fenu et al. 2012, Monserrat et al. 2012, Giaretta et al. 2013, Fig. 2).
However, the relationships between the richness of coastal plant species and mean annual precipitation were not
significant in either hemispheres (Fig. 2).

Fig 2. The richness of plant species on sand dunes in the Southern hemisphere (long dash) and in the Northern hemisphere (solid) with
solar energy (air temperature).
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Discussion

To explain latitudinal gradients in species diversity, several hypotheses have been reviewed (Stevens 1989, Rhode 1992,
Gaston 2000, Ohlemüller and Wilson 2000, Huston et al. 2003). Some hypotheses are based on the assumption that
some taxa have greater diversity in the tropics. Explanations include different degrees of interactions, epiphyte load,
biotic spatial heterogeneity, host diversity, niche width, population growth rate, environmental harshness, and patchiness
at different latitudes. However, other explanations are not supported by sufficient evidence (Rhode 1992). For example,
correlations between species diversity, environmental stability and predictability, productivity, abiotic rarefaction,
physical heterogeneity, seasonality, and number of habitats are inconsistent. Ecological and evolutionary time
hypotheses that communities will diversify in time cannot explain species diversity gradients. Only difference in solar
energy was consistently correlated with diversity gradients along latitude and elevation (Fig. 2).

Although many factors are likely to be responsible for local differences in diversity and secondary effects on latitudinal
gradients, the primary cause appears to be the effect of temperature (solar energy) on evolutionary speed (Rhode 1992,
Morin 2000, Allen et al. 2002, Evans et al. 2005, Ihm et al. 2012). The widespread view that diversity is limited by solar
energy is based on an unsupported belief that all habitats are filled to their full capacity. However, saturation of habitats
does not rule out a further increase in the number of species by subdivision of niches. Accumulating evidence supports
the view that many vacant niches exist, particularly for parasites and symbionts. Evolution is gradually filling these
niches because speciation happens faster than extinction and there is greater "effective" evolutionary time in the tropics,
because greater evolutionary speed has led to greater numbers of species in the tropics. It is likely that habitats at all
latitudes could support more species than presently exist (and perhaps equal numbers at all latitudes). Paradoxically, the
tropics have more extant vacant niches than do colder regions, because a greater number of free-living species provide
more opportunities for "dependent" species such as parasites. Efforts to find equilibrium explanations for these
gradients have led to numerous ecological studies on factors influencing species diversity.

Areas with energy have also often been shown to correlate strongly with the richness of species at a regional scale. The
area effect is most evident in studies of archipelagoes and other habitats where area varies widely, while other
environmental conditions are reasonably homogeneous (Connor and McCoy 1979, Lee et al. 2018). Area and energy both
undoubtedly affect regional richness. The strength of correlation between richness and area or energy depends strongly
on their range of variability. In Wright's (1983) species-energy model, richness on islands is hypothesized to depend on
area times areal energy flux (i.e., actual evapotranspiration (AET), PET, or primary production). Energy flux per unit of
area and area itself are therefore postulated to affect richness proportionally. A doubling of either area or energy should
lead to the same increase in richness.

It has long been known that the diversity of most taxonomic and functional groups is the highest in the tropics. This has
usually been attributed to higher productivity (resource availability) or reduced seasonality rather than to the kinetic
effect of higher temperatures (Rohde 1992, Gaston 2000, Hawkins et al. 2003, Brown et al. 2004, Whittaker et al. 2007).
Allen et al. (2002) and Brown et al. (2004) have shown that the richness of species in many groups of plants and animals
has the same Boltzmann relationship with environmental temperature that metabolic rate does. This result holds true not
only along latitudinal gradients, but also along elevation gradients, where variables such as photon flux, seasonal
changes in day length, and biogeographic history are held relatively constant. The implication is that much of the
variation in species diversity is directly attributable to the kinetics of biochemical reactions and ecological interactions.
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The highest diversity on earth is found in warm and productive environments, such as tropical rain forests, coral reefs,
and sand dunes, where the kinetics of interactions might lead to rapid exclusion (Gaston 2000, Allen et al. 2002, Hawkins
et al. 2003). In the recently proposed metabolic theory of ecology, the metabolic rate of organisms governs ecological
patterns and processes, including geographical patterns of the richness of species in terms of the effect of temperature
and body size on metabolism of organisms (O'Brien et al. 2000, Wang et al. 2009).

Is it possible to preserve the form and function of coastal dunes such as species diversity? (Costa et al. 1996, Heslenfeld
et al. 2004, Martínez et al. 2008). Based on current global trends, the future looks bleak. For example, the following have
been projected: (1) agriculture will intensify in these sandy and well-drained habitats; (2) pressure from tourism will
increase; and (3) sea level rise will displace the beach-dune system and narrow the protected dune zone, while erosion
rates will be exacerbated. Thus, it seems that human development along the coast will continue. It would be wise to do
so in a proper and sustainable manner. This necessarily implies agreement with the philosophical supposition that
conservation and development are not irreconcilable. Efforts must be made to strike a balance between them. Because
coastal defense mechanisms that fail to consider natural processes are highly costly and ineffective, management
towards maintaining the dynamics of coastal-dune species diversity should be promoted. In fact, it is known that the
more diverse the system, the better it is able to withstand change. The global sand-dune system with diverse species
and vegetation is more resilient to changing conditions. Thus, application of the results of this research, coupled with
proper management and conservation policies, will sustain these environments and maintain higher species diversity.

Conclusion

We studied the relationships between environmental factors such as latitude, solar energy and the richness of coastal
plant species on global coastal sand dunes. Solar energy and latitude was evaluated in a globally consistent manner. The
relative importance of solar energy or latitude has determined the richness of plant species of coastal habitats, and it
needs further study in various ecosystems. There is a vital need for management and construction of sand dune parks
having conservation programs, such as Long Term Ecological Research (LTER) program.
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