Variation in nuclear DNA content across
environmental gradients: a quantile
regression analysis

Abstract

The nuclear DNA content of angiosperms varies by several orders of magnitude.
Previous studies suggest that variation in 2C DNA content (i.e. the amount of DNA in
G1 phase nuclei, also referred to as the 2C-value) is correlated with environmental
factors, but there are conflicting reports in the literature concerning the nature of these
relationships. We examined variation in 2C DNA content for 401 species in the
ecologically diverse California flora in relation to the mean July maximum temperature,
January minimum temperature, and annual precipitation within the geographical ranges
of these species. Species with small 2C-values predominate in all environments. Species
with large 2C-values occur at intermediate July maximum temperatures, and decline in
frequency at both extremes of the July temperature gradient, and with decreasing annual
precipitation. Our analysis demonstrates the utility of quantile regression for statistical
inference of complex distributions such as these. The method supports our observation
that relationships between nuclear DNA content and environmental factors are stronger

for species with large 2C-values.
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INTRODUCTION

The 2C DNA content of angiosperms (i.e. the amount of
DNA in G1 phase nuclei, also referred to as the 2C-value)
varies by four orders of magnitude (Bennett ef al. 1998).
Several studies have examined vatiation in 2C DNA content
across environmental gradients; however, these studies have
often produced conflicting results (Table 1). For instance,
early studies indicated a positive correlation with latitude
(Bennett 1976; Levin & Funderburg 1979), which supported
work by Avdulov (1931) and Stebbins (1971) who found that
species with large chromosomes were more common at
temperate latitudes (note that Levin & Funderburg (1979)
also reported a positive correlation between chromosome
volume and 2C DNA content). In contrast, Grime &
Mowforth (1982) found a negative correlation between 2C
DNA content and latitude for 169 species in the British flora,
and Artic and Antarctic species examined by Bennett ez a/.
(1982) were within the lower range of what is characteristic
for temperate latitudes. Other studies have found no

relationship (Teoh & Rees 1976; Sims & Price 1985; Creber
et al. 1994). Positive, negative and nonsignificant relation-
ships with altitude have also been reported (Table 1).
Interestingly, Rayburn (1990) found that for Zea mays
maximum 2C-values occurred at intermediate elevations
with a trend toward reduced 2C-values at both high and low
elevations. A synthesis of previous studies (Table 1) suggests
that species with greater 2C DNA content may be more
frequent in the temperate mid-latitudes and at intermediate
elevations, with a trend towards species with reduced 2C-
values at the equator and the poles and at high and low
elevations (Bennett ez a/. 1982; Bennett 1987; Rayburn 1990).

Environmental factors that covary with altitude or
latitude may represent selection pressures on nuclear
DNA content (if such selection pressures do exist), yet
they have been incorporated in only a few studies. For
example, Wakamiya ez a/. (1993) reported a positive corre-
lation between haploid C-values and local measurements of
annual precipitation and a negative correlation between
mean maximum temperature and C-value; Price e /. (1981)



Table 1 Summary of previous studies on the relationship between genome size and latitude, altitude, temperature, precipitation and seed size
both at the population (pop.) and species (sp.) level. Correlations are either +, —, not significant (NS), or nonlinear (/\).

Variable Cor. Level Description Authors

Elevation - pop. 8 Dactylis glomerata in Spain Creber ¢f al. (1994)
Elevation - pop. 17 Dactylis glomerata in France and Italy Reeves et al. (1998)
Elevation - pop. 8 Zea mays in New Mexico Rayburn (1990)
Elevation + pop. 12 Zea mays South-western USA Rayburn & Auger (1990)
Elevation + pop. 15 Dasypyrum villosum Caceres et al. (1998)
Elevation /\ pop. 23 Zea mays South-western USA Rayburn (1990)
Elevation NS sp. 51 neotropical Lonchocarpus trees Palomino & Sousa (2000)
Latitude + pop. Several Picea sitchensis Miksche (1967, 1971)
Latitude - pop. Several Festuca arundinacea Ceccarelli e al. (1992)
Latitude - pop. North American cultivars of Zea mays Rayburn ez al. (1985)
Latitude NS pop. Several Picea glanca Teoh & Rees (1976)
Latitude NS pop. 10 Dactylis glomerata Creber et al. (1994)
Latitude + sp. Tropical vs. temperate grasses Avdulov (1931)

Latitude + sp. 329 tropical vs. 527 temperate plants Levin & Funderburg (1979)
Latitude + sp. 17 Poaceae and 15 Fabaceae crops Bennett (1976)

Latitude - sp. 169 British plants Grime & Mowforth (1982)
Latitude - sp. 23 Arctic plants Bennet e al. (1982)
Latitude NS sp. 19 Helianthus Sims & Price (1985)
Precipitation + pop. 24 Microseris douglasii Price et al. (1981)
Precipitation + sp. 18 North American Pinus Wakamiya e al. (1993)
Precipitation NS sp. 19 Helianthus Sims & Price (1985)
Temperature - sp. 18 North American pines Wakamiya ez al. (1993)
Seed size + pop. 15 Dasypyrum villosum Caceres et al. (1998)
Seed size + pop. 12 Soybean strains Chung ez al. (1998)

Seed size + sp. 121 British plants Thompson (1990)

Seed Size + sp. 43 British plants Grime ef al. (1997)

Seed Size + sp. 22 Crepis Jones & Brown (1976)
Seed Size + sp. 12 Allinm and 6 Vicia Bennett (1972)

Seed Size + sp. 18 North American pines Wakamiya e al. (1993)
Seed Size + sp. Several Poaceae and Fabaceae Mowforth (1985)

reported a positive correlation between annual precipitation
and 2C DNA content; and MacGillivray & Grime (1995)
found that frost-resistant species tended to have greater 2C
DNA contents. However, as discussed above, the relation-
ship between nuclear DNA content and environmental
factors may not be a linear function. Considering that
species with small 2C-values are more common than species
with large 2C-values (Bennett ¢f a/. 1998), median 2C DNA
content may vary little across environmental gradients, while
there may be a significant trend for species with the largest
2C DNA contents. The mechanism(s) underlying 2C DNA
content by environment correlations are still speculative, but
it should be noted that environmental factors might impose
selection pressures on physiological and life history traits
that ate correlated with 2C DNA content (Bennett 1976,
1987; Grime & Mowforth 1982; Grime et a/. 1985, 1997,
Mowforth & Grime 1989; MacGillivray & Grime 1995).
In this paper we examine variation in nuclear 2C DNA
content with respect to July maximum temperature, January

minimum temperature and the mean annual precipitation
inside the ranges of 401 species in the California flora. The
2C DNA contents of the species selected vary over 100-
fold; from 0.294 Gbp (for Epilobium palustre, about the same
size as Arabidopsis thaliana) to 45.67 Gbp (Smilacina racemosa).
A synthesis of previous studies (Table 1) led us to the
hypothesis that species with large nuclear DNA contents
may be rare in stressful environments, e.g. at both
temperature extremes and with increasing aridity. We test
this hypothesis using traditional least squares regression and
a series of quantile regression functions (Cade ef a/. 1999;
Koenker & Hallock 2001). The familiar least squares
regression finds the best fit line for the mean of the
dependent vatriable as a function of the independent
variable; in contrast, quantile regression predicts the
conditional quantile (percentile) of a dependent variable
with respect to an independent variable. The 95th quantile
regression can be thought of as a best-fit line that minimizes
absolute residual errors, with the condition that 95% of the



observations fall below the line and 5% of the obsetvations
fall above the line. Significant differences for quantile
regression slopes calculated for lower and upper quantiles
indicate that the lower and upper bounds of the distribution
are not parallel (Schatf ez a/. 1998). The same theory applies
for polynomial quantile regression, and we demonstrate the
utility of this technique here. We also used conventional
statistical techniques to examine the relationship between
variation in 2C DNA content and seed size, between species
with annual and perennial growth habits, and between

diploid and polyploid species.

METHODS
Genome size

We obtained estimates of 4C DNA content for 401 species
in the California flora from the Angiosperm DNA Ctvalue
database (Bennett ef 2/ 2001). We compare the DNA
content of Gy phase nuclei, which is also referred to as the
2C DNA content or 2C-value. 2C-values were obtained by
halving the 4C DNA values presented in the database (the
4C-DNA value is the amount of DNA in replicated nuclei
that have not yet divided). We chose to use 2C DNA
amounts instead of haploid genome sizes because they
represent the actual DNA content of the nucleus, regardless
of ploidy levels. Moreover, the haploid genome size cannot
be calculated for any species whose ploidy level is unknown.

2C DNA contents are frequently estimated by flow
cytometry of isolated nuclei with DNA binding fluoro-
chromes (Johnston ez al. 1999; Bennett ef al. 2000). A
frequency distribution of nuclear fluorescence intensities for
a random sample of isolated nuclei from the same individual
is bi-modal, with a larger peak with lower fluorescence
intensity equivalent to the Gy nuclear genomes (2C), and a
smaller peak with greater fluorescence intensity, which
represents replicated nuclear genomes that have not yet
divided (4C). The pg of DNA per nucleus in each peak is
estimated by comparing the unknown to a known reference
standard. We report 2C DNA contents in gigabase pairs
(Gbp, 1 Gb = 1000 megabases = 10” bases) using the
conversion factor 1 pg = 0.980 Gbp suggested by Bennett
et al. (2000) and supported by Cavalier-Smith (1985). Ploidy
levels were also obtained from the Angiosperm Ctvalue
database. Baker (1972) collected seed size data for 2003
California plant species, and 148 of these species were
among the 401 species in the California flora with estimates
of 2C DNA content. Classification of annual or perennial
life history followed Hickman (1993). The status of each
species as native or exotic followed the CalFlora database
(CalFlora 2001). A list of species used in this study, along
with their 2C DNA amount, mean environmental param-
eters, seed sizes, ploidy and classification as annuals or

perennials and as native or exotic is available at
www.stanford.edu/~dacketly/archive/calgenome.html.

Geographical information system (GIS) analysis

We used a GIS to estimate the mean July maximum
temperature, January minimum temperature and annual
precipitation within the geographical range of each species.
Information on the presence or absence of each species
inside 35 different floristic subregions of California com-
bined with their upper and lower elevation limits (as
reported in the Jepson Manual; Hickman 1993), were used
to create coarse-scale species range maps using a digital
elevation model of California (United States Geological
Survey) and ArcView GIS software (ESRI, Redlands,
California, USA). Climate maps were obtained from the
Oregon State University PRISM project (Daly e al. 1994,
1997). The climate maps were created using local interpo-
lation of mean climatic parameters between National
Oceanographic and Atmospheric Administration (NOAA)
weather stations. Mean July maximum temperature, mean
January mimimum temperature and the mean annual
precipitation inside the range of each species was calculated
by intersecting the species range maps with the climate maps
(Knight & Ackerly 2001). We used these estimates to
quantify differences between species for realized climatic
niche parameters (sezsu Austin ef al. 1990; Westman 1991;
Franklin 1998).

Quantile regression

Quantile regression, as described by Koenker & Bassett
(1978), extends classical least squatres regtession to an
ensemble of models for conditional quantile functions. For
least squares functions, squared residual errors are minim-
ized with respect to the conditional mean. Quantile
regression functions are estimated by minimizing an
asymmetrically weighted sum of residual errors (Koenker
& Bassett 1978; Cade e al. 1999; Koenker & Hallock
2001). Quantile regression is insensitive to heteroscedastic
errors and dependent variable outliers (Koenker & Bassett
1978; Buchinsky 1991; Koenker & Portnoy 1996), both of
which significantly affect least squares models (Cade &
Richards 1996). For a random variable Y, the tth quantile
is defined by a value y such that the probability of finding
a smaller y is less than or equal to 7, and the probability of
finding a larger y is less than or equal to 1 — 7. Similarly,
the tth quantile regression function, B(7), cotresponds to a
linear or quadratic function fit through the data such that
approximately T proportion of the observations are less
than B(t) and 1 — 7 proportion of the obsetvations ate
greater than B(7). Estimates /(1) of B(t) are obtained by
minimizing the absolute values of residuals where positive



residuals are given weights equal to T and negative
residuals are given weights equal to 1 — 7 (see Koenker
& Bassett 1978; Cade e al. 1999; Koenker & Hallock 2001
for mathematical details and a description of algorithms).
Analogous to percentage notation, 100*t is often used to
describe the tth quantile, and this convention will be
followed here.

Examining quantile regression functions across the entire
range of T provides a more complete view of the
relationship between x and y than what is captured by least
squares or individual quantile regression functions. Econo-
metricians have developed the method over the last 20 years
and only recently has the technique been applied to
ecological data (Koenker et al. 1994; Terrel ef al. 1996;
Scharf et al. 1998; Cade et al. 1999). As Cade et al. (1999)
suggested, quantile regression is particularly useful in
exploratory and inferential analyses concerning limiting
factors. We used the “quantreg” library of the R statistical
analysis software (distributed freely at http://www.R-pro-
ject.org/) to perform this analysis.

Analyses were performed separately for each environ-
mental parameter. July maximum temperature and January
minimum temperature were included as quadratic terms in
our least squares and quantile regressions. In either case a
negative quadratic coefficient supports our hypothesis that
(1) the relationship between 2C DNA content and
temperature is nonlinear, and (2) the conditional mean 2C
DNA content (in the case of least squares regression) or the
quantile T (in the case of quantile regression) decreases at
both extremes of the temperature scale (if the maximum
value of the model occurs within the range of the
environmental variable). We estimated the complete series
of quantile regression functions from the 5th to the 95th
quantile. A similar analysis was performed for the relation-
ship between mean annual precipitation and 2C DNA
content, except in this case there was no a priori reason to
expect that there would be a quadratic relationship;
therefore, only the linear term was modelled. Confidence
intervals were calculated with 1000 replicate bootstraps.
Koenker & Hallock (2001) demonstrate that this method is
conservative and not significantly different from the rank
inversion test for calculating confidence intervals for
quantile regression statistics.

To estimate the probability that our results were an
artifact of sampling error, we created our own null
distribution by recalculating regressions across 9999 random
repairings of the x and y variables (a permutation or
randomization test). All of the linear and quadratic
coefficients were tested against the null model, but for the
continuous quantile regressions, only the midpoint and
extreme quantiles found to be significant from the bootstrap
method were tested against the null model. Significance
values (P values) were assigned by summing the number of

times the test statistic (the quadratic coefficient for example)
was greater (in the case of the quadratic coefficient, more
negative) than the observed statistic and dividing by 10000
(9999 plus one for the observed relationship) as recom-
mended by Manly (1997).

Previous investigators (Table 1) have found a positive
correlation between the log of seed size and the log of 2C
DNA content, so we transformed our data similatly prior to
the seed size analysis, and used Pearson’s correlation
coefficient (Sokal & Rohlf 1995). We also petformed the
climate analyses with log transformed 2C-values, but the
transformation did not change the results. Here we report
analyses with the untransformed data. Differences in 2C
DNA content between annuals and perennials, natives and
exotics, and diploids and polyploids were analysed using
Wilcoxon’s nonparametric two-sample test (the Z statistic,
Sokal & Rohlf 1995).

RESULTS
Temperature

The relationship between 2C DNA content and July
maximum temperature is roughly a filled unimodal
distribution (Fig. 1a). Species with small 2C-values pre-
dominate across the entire range of July maximum
temperature, but species with large 2C-values tend to
occupy ranges with July maximum temperatures near the
midpoint of the scale. A standard quadratic polynomial
regression fit to these data was significant (F5 393 = 6.87,
P =0.001). The quadratic coefficient was negative
(coef. = —0.0421, #3095 = —2.88, P = 0.004), indicating
that mean 2C DNA content decreases as July maximum
temperature increased or decreased from the 27°C vertex.
When the model was run without the quadratic term, the
linear coefficient was negative (coef. = —0.22), and the model
was significant (F 399 = 5.33, P = 0.022). Both the polyno-
mial and the linear models were significantly different from
regressions calculated for the randomized null model
(P < 0.001 for each case).

The quadratic coefficient « for the 5th through 60th
quantile regression was not significantly different from zero
(Fig. 1b). Between the 5th and 50th quantiles the least
squares estimate of & was significantly different, and more
negative, than the quantile regression estimates. For quantile
regressions between the 75th and 95th quantile, « became
progressively more negative and significantly different from
zero. This supports our hypothesis that environmental
constraints on nuclear DNA content relate primarily to
species with larger 2C DNA amounts. The 75th, 85th and
95th quadratic quantile regression coefficients were signifi-
cantly different from quantile regression coefficients calcu-
lated for the randomized null model (P < 0.001, < 0.001
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Figure 1 The relationship between 2CDNA content and July maximum temperatute (a) January minimum temperature (c) and annual

precipitation (¢) 2CDNA contents are plotted as Gbp. Solid triangles are annual species and open triangles are perennials in (a), (c) and
(¢). The sensitivity of the quadratic coefficient for the July maximum temperature/2C DNA content analysis (b) and for the linear

coefficient for the January minimum (d) and annual precipitation analysis (f) across the 5th to 95th quantiles of the data. Single dashed
lines are the least squares estimates for the coefficients in (b), (d) and (f), the double dashed lines are the 95% confidence intervals for
the least squares estimates. The grey area in (b), (d) and (f) represents the 95% confidence interval for the quantile regression estimates

plotted as the black line.

and 0.015, respectively), as was the quadratic coefficient for
the least squares model (P < 0.001).
July maximum temperature and January minimum tem-

NS). This
occurs because species growing on the coastal bluffs of

perature were not correlated (£5399 = 0.44, P =

northern California have the lowest July maximum tem-
perature estimates but some of the warmest January
minimum temperatures (Fig. 2a). There was a significant

negative linear relationship of 2C DNA content vs. January
minimum temperature  (coef. = —0.47, %399 = —3.923,
P < 0.001, Fig. 1c). Quantile regression analysis indicated
that the trend for decreasing 2C DNA content with
increasing January minimum temperature was stronger for
species with larger 2C-values, and only significant above the
40th quantile (Fig. 1d). The linear coefficients for the least
squares, and the 35th, 60th and 85th quantile regressions



were all significantly more negative than the coefficients
calculated for the randomized null model (P < 0.01 in all
cases).

Precipitation

There was a positive correlation between 2C DNA content
and annual precipitation (least squares coef. = 3.42,
Fi 399 = 8.26, P = 0.004, Fig. le). Similar to the bivariate
distribution for July maximum temperatute, species with
small 2C-values were common across the entire range of
annual precipitation, while species with large 2C-values were
infrequent at the two extremes. These results are not
orthogonal to those for the temperature variables because
there was a strong negative correlation between annual
precipitation and July maximum temperature (R = —0.64,
N =401, P <0.001, Fig. 2b) and January minimum
temperature (R =-0.38, N =401, P < 0.001). Linear
coefficients for quantile regressions between the 5th and
85th quantile were positive, significantly different from zero,
and increased with increasing quantiles (Fig. 1f). Quantile
regressions above the 85th quantile were not significant.
Quadratic coefficients for quantile regressions were only
significant between the 88th and 94th quantiles. Linear
coefficients calculated for the least squares and the 25th,
50th and 75th linear quantile regressions were all signifi-
cantly different from coefficients calculated for the ran-
domized null model (P < 0.01 in all cases).

Life history

There was a significant positive correlation between log
transformed seed size and log transformed 2C DNA
content (R = 0.45, N = 148, P < 0.001, Fig. 3). Forty of
these species were also sampled by Thompson (1990). Our

°f
c 7f
~ 5
£ 3f
e r
g F
= 3r
c 5r
g Tr
R
18 22 26 30 34 38 42

July Max. Temp. (C)

set of species ovetlaps, but our estimates of seed size are
independent. There was no relationship between seed size
and July maximum temperature, January minimum tem-
perature or annual precipitation (results not shown).

One hundred and twenty-one of the species were native
to the California flora. Exotic species had significantly lower
2C DNA contents (Z»g0,121 = 2.69, P = 0.001); however,
the distributions of native and exotic species with respect to
July maximum temperature, January minimum temperature
and annual precipitation were similar (Figs 2a, b). There
was, however, a disproportionate frequency of exotics in
maritime climates characterized by low summer tempera-
tures and relatively high January minimum temperatures.
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Figure 2 The relationship between July maximum temperature and January minimum temperature (a) and between July maximum tem-
perature and annual precipitation (b) for the species in our study. Filled circles are native species and open circles are exotics.
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Figure 4 The percentage of annuals in our sample (columns) and
the entire California flora (black line) as a function of species
specific estimates for July maximum temperature (a) January
minimum temperature (b) and annual precipitation (c).

When we calculated the least squares and quantile regres-
sions for nuclear DNA content and environmental factors
for natives and exotics separately, the results were similar in
sign and magnitude to results for natives and exotics
together (results not presented). Interestingly, the mean
range size of native and exotic species was not significantly
different (calculated as a part of our climate analysis, results
not shown).

Fifty-one percent of the species sampled were perennials.
The mean 2C DNA content of perennials (7.36 Gbp) was
not significantly greater than that of annuals (6.19 Gbp,
Z199.195 = =091, P = NS). Annuals typically had ranges
temperatures

with  higher mean July maximum

(Z199.195 = 3.19, P = 0.001), higher January minimum tem-
peratures (Zy99195 = 4.19, P < 0.001) and lower annual
precipitation (Zj99195 = —2.15, P = 0.03), which follows
the pronounced trend for the entire California flora
(Fig. 4a—c).

Of the 334 species of known ploidy, 215 were diploid
and 119 were polyploid. Polyploid species had significantly
greater 2C DNA contents compared with diploid species
(mean 9.29 and 5.74 Gbp, respectively, 2515119 = —6.067,
P < 0.001). When analysed by Wilcoxon’s two-sample test,
the mean July maximum temperature inside the ranges of
polyploid species was not significantly greater than that for
diploid species  (£15119 = 0.50, P = NS).
polyploids did have significantly greater mean annual
precipitation  (Z15119 = =3.50, P < 0.001) and lower
January minimum temperatures estimates (Z215119 = 3.60,
P < 0.001).

However,

DISCUSSION

Our analysis highlights the complexity of the relationships
between nuclear DNA content and environmental condi-
tions. Species with small 2C-values predominate in all
environments. Species with large 2C-values tend to occur
at intermediate July maximum temperatures, declining in
frequency at both extremes along the July maximum
temperature gradient, and also declining with decteasing
annual precipitation. Our analysis required nontraditional
statistical techniques not only because of the non-normality
of the data but also because of the nature of our
hypotheses (i.c. that species with large 2C-values would be
infrequent in extreme environments). We demonstrate the
utility of quantile regression in combination with random-
ization tests for statistical inference of complex data
distributions and hypotheses such as these. The method
supports our hypothesis that nuclear DNA content by
environment relationships are stronger for species with
larger 2C-values, with relatively little change in mean
2C-values. Our results indicate that shifts in 2C DNA
content with environmental conditions depend on the
range of environmental gradients sampled, which may help
to explain why both positive and negative correlations have
been found in the past.

If the analysis is performed with January minimum
temperatures, species with large 2C-values become less
frequent with increasing temperature, similar to the July
maximum temperature analysis. Unlike the July maximum
temperature analysis, the frequency of species with large
2C-values does not dectrease at the coldest extreme. Species
with low July maximum temperatures inside their geo-
graphical ranges do not necessarily have low January
minimum temperatures; primarily as a result of the marine
influence for species restricted to coastal areas (Fig. 2a).



This partially explains the discrepancy between the July
maximum temperature and January minimum temperature
analyses.

The combined effects of water stress and high tempera-
ture stress may amplify putative environmental effects on
nuclear DNA content; and annual precipitation and July
maximum temperature are strongly correlated at the high
temperature extreme (Fig. 2b). Parallel to the July maximum
temperature results, as annual precipitation decreased, the
frequency of species with large 2C-values decreased.
However, there was a small group of species with high
mean annual precipitation estimates that also had small
2C-values. A large proportion of these species were from
the coastal bluffs of northern California, a region that also
has very cool July maximum temperatures. In addition,
many of these species were exotics. Bennett ez a/. (1998)
found that invasive weeds had smaller 2C DNA contents,
and the same was true for our sample.

There may be significant allometric consequences related
to variation in nuclear DNA content (Bennett 1976, 1987;
Price 1988). This hypothesis primarily relies on strong
positive correlations between nuclear DNA content, cell
size and minimum generation time, and negative correla-
tions with cell division rate and growth rate (Bennett 1971,
1972, 1977; Evans ef al. 1972; Edwards & Endrizzi 1975;
Van’t Hof 1975; Bennett ¢/ a/. 1983; Mowforth & Grime
1989). Nuclear DNA content tends to be greater in
polypoid species, in species with large seeds, and in
perennials compared with annuals (Bennett 1972, 1987;
Jones & Brown 1976; Thompson 1990; Grime e al. 1997;
Bennett ez al. 1998; Chung ez al. 1998). There is little doubt
that these relationships are general and strong, but our
mechanistic understanding for why they exist is still
incomplete.

In the context of the life history and cellular cortelations
presented above, the decline in maximum 2C DNA values
with increasing July maximum temperature or January
minimum temperature, and with decreasing annual precipi-
tation, might reflect an increased representation of diploids,
annuals and/or small-seeded species. There is a strong trend
for an increased abundance of annuals with increasing July
maximum and January minimum temperatures, and
decreasing annual precipitation, both for species in our
analysis and across the entite California flora (Fig. 4), and
previous investigators have reported that annual species
have lower 2C-values than perennials (Bennett 1987;
Bennett ez a/. 1998). However, in our sample, annual species
did not have significantly lower 2C-values compared with
perennials. Diploid species also had less 2C DNA and had
significantly lower mean annual precipitation and January
minimum temperatute estimates, but there was not a
significant difference for July maximum temperature.
Variation in seed size was not correlated with July maximum

temperature, January minimum temperature or annual
precipitation. Therefore, the frequency of diploid species
only partially contributes to the reduced abundance of
species with large 2C-values in regions with high temper-
atures and low mean annual precipitation, while variation in
seed size and the frequency of annuals does not contribute
to the observed pattern.

Other studies have examined relationships between 2C
DNA content and plant performance in response to
artificial temperature treatments. For example, Thompson
(1990) found a negative correlation between the minimum
temperature for germination and 2C DNA content, which
primarily reflected an absence of species with large
2C-values that required high temperatures for germination.
In addition, MacGillivray & Grime (1995) found that
species more resistant to artificial cold temperature treat-
ments were more likely to have large 2C-values. These
observations are consistent with our January minimum
temperature analysis. MacGillivray & Grime (1995) do not
propose a mechanism, but state that this relationship has
arisen from “parallel effects of natural selection rather than
any inherent functional relationships between genome size
and frost sensitivity”. It should be noted that selection
pressures acting on nuclear DNA content alone and
through functional relationships between nuclear DNA
content and other aspects of cellular physiology may both
contribute to the observed relationships with environmental
factors.

Over two-thirds of the species sampled in our study were
not native to California. Current estimates suggest that
approximately one-eighth of the California flora is now
composed of invasive or naturalized species (CalFora 2001).
The enrichment of non-native species in our analyses
occurs because there are more estimates of 2C DNA
content for weedy European species. We felt that there was
no a priori teason to exclude non-native species from our
analysis. Although they may have had less time to reach
their optimal distribution with respect to environmental
parameters, this should not influence our results unless
there is a bias for non-native species to live at one extreme
of their tolerance breadth. Exotic species in our sample did
have significantly lower 2C DNA contents, which concur
with results of Bennett ez a/ (1998), but analyses of 2C
DNA content and climate involving natives and exotics
alone produced similar results. Interestingly, the average
range size of native and non-native species was not
significantly different.

Ecologists have given considerable attention to the
problem of finding and interpreting boundaries, ot limits,
to complex bivariate distributions. There are statistical
properties of the distribution of points within the “cloud”
that may also be of ecological interest beyond what is
captured by traditional mean regression techniques.



Quantile regression has been used for this endeavour, yet so
far only for extreme quantiles of linear functions (Scharf
et al. 1998; Cade ef al. 1999). Estimating the entire ensemble
of quantile regression functions (5 < 7 < 95) yields a more
complete view of the relationship between two variables not
encapsulated by changes in mean regression functions, and
not necessarily observable by examining only the extreme
quantile functions or by estimating limits by other means.
The method was particularly useful in our analysis for
providing quantitative evidence that trends towards reduced
nuclear DNA content with increasing July maximum and
January minimum temperature, and with decreasing annual
precipitation, were stronger for species with larger
2C-values. The theory for quantile regression is well
developed and is particularly appropriate for complex
ecological data.

There should be a continued effort to obtain estimates
of nuclear DNA contents for the native flora of North
America in addition to exotics. As information on the
climate and geographical distribution of plant species
becomes more refined, analyses such as the ones
presented here should be revisited. Environmental corre-
lations with nuclear DNA content may represent func-
tional relationships between cellular and whole plant
physiology and environmental factors. However, these
relationships may also arise from correlated selection
pressures acting directly on nuclear DNA content.
Regardless of their causal nature, variation in nuclear
DNA content appears to be an important heritable trait
that contributes to physiological, life history and climatic
differentiation between species. In an age of functional
genomics it deserves further attention.
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SUPPLEMENTARY MATERIAL

Table S1 Genome size, July maximum temperature, January
minimum temperature, annual precipitation, and classification as
native or exotic, and annual or perennial for 401 species in the
California flora.





