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Abstract
Aim: To understand the geographical distribution of grasses in sub-Saharan Africa
with reference to key plant traits thought to affect range size in this family (Poaceae).
Specifically, to test hypotheses on the importance of plant height and lifespan in determining range size and invasion potential in the context of their evolutionary history.
Location: Sub-Saharan Africa.
Taxon: Poaceae.
Methods: The range sizes of 757 grass species native to southern Africa were estimated for the sub-Saharan African region from geo-referenced herbarium records
using the alpha hull function. Phylogenetic generalised least squares models and linear mixed effects models were fitted to test whether grass range size was related
to plant height and lifespan. Tribe-level relationships between range size and plant
height were assessed with linear models. For species introduced to other continents,
generalised linear mixed effects models were fitted to test whether invasiveness was
related to native range size, plant height and lifespan. Differences in native range size
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among species in four invasion-related categories were assessed with linear mixed
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height. Grasses with larger native range sizes and shorter lifespans are more likely to

Handling Editor: Alexander Zizka

effects models.
Results: Grass range sizes are larger for taller species and for species with shorter
lifespans. The relationship between plant height and range size varies widely among
tribes, with some range-restricted tribes having a non-significant effect on plant
become invasive after being introduced to other continents. Grass species introduced
to other continents have larger native range sizes than those that have not, and native
range size increases along the introduced-naturalised-invasive continuum.
Main conclusions: The increased dispersal opportunities of annual-biannual grasses
appear to have a greater positive effect on range size than do the longer generation
times of perennial grasses. Grass height has and continues to be an important driver
of grass biogeography, with implications for understanding the spread of certain grass
tribes over the Miocene. Factors that promote large native range sizes are also likely
to increase the probability of a species becoming invasive.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2021 The Authors. Journal of Biogeography published by John Wiley & Sons Ltd.
Journal of Biogeography. 2021;00:1–13.	
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I NTRO D U C TI O N

and environments (Slatyer et al., 2013). Moreover, large range sizes
can also be a consequence of low speciation rates (Gaston, 1998).

The geographical area a species occupies is a complex product of en-

Each of these processes such as dispersal potential, establishment

vironmental, competitive, geographic and biological factors (Brown

success, and speciation rates are the result of multiple organismal

et al., 1996; Gaston, 2003; Morueta-Holme et al., 2013; Sheth et al.,

traits, with range size an emergent property of these interacting

2020). Within even a single genus, species can vary in their range

processes (Figure 1). Interestingly, many of the characters used to

size from narrow endemics to almost cosmopolitan distributions

explain species range sizes are often explored as explanations for

(Fish et al., 2015). Exploring the determinants and ecological conse-

invasive species success (Blackburn et al., 2011), as species invasions

quences of variation in range size has been the subject of research

necessitate an increase in the organisms’ existing range size. Studies

for decades (Brown et al., 1996) to gain insight into the evolution-

have indicated that, once introduced, factors shaping plant repro-

ary origins and ecological characters of species and has also been

duction and dispersal characteristics are likely as important as hab-

used to explain species richness (Dexter & Chave, 2016). Moreover,

itat suitability and establishment success in determining whether a

human activities impact all parts of the Earth, and range size is im-

species will become invasive (Pyšek et al., 2009). Supporting these

portant for assessing extinction risk and adaptation capacity (Manne

ideas, Hui et al. (2011) demonstrated that invasive Acacias are more

et al., 1999; Staude et al., 2020) and, conversely, the potential for

likely to have larger native range sizes in Australia than non-invasive

species to become naturalised and invasive when introduced to new

species.

areas (Hui et al., 2011; Procheş et al., 2012; Pyšek et al., 2009).

There is much interest in how habitat suitability determines range

In plants, range size is the outcome of multiple underlying fac-

size, and this is also important for predicting how range sizes will vary

tors including intrinsic ecological limits such as propagule dispersal

into the future as a product of environmental change. For example,

potential and propagule establishment success, and relatedly, the

the frequently observed relationship between latitude and range

degree of genetic isolation of different populations (Estrada et al.,

size (Rapoport's rule; Stevens, 1989) has been explained with refer-

2015; Sonkoly et al., 2017). While the ability to disperse over long

ence to the larger seasonal variation experienced at higher latitudes

distances is one mechanism that can generate large range sizes, spe-

that enable organisms to succeed in a wider range of environments

cies with wide distributions may also have broader niche breadths,

(Morin & Lechowicz, 2011; Morueta-Holme et al., 2013). Other stud-

allowing them to be competitive across a diverse range of habitats

ies have found that biome area, or the extent of suitable habitat, is

F I G U R E 1 Conceptual diagram showing the various mechanisms by which grass height and lifespan could affect range size. Solid lines
represent positive relationships and dashed lines represent negative relationships. Plant height can increase range size by increasing
dispersal potential, but decrease it through reduced relative reproductive output and thus reduced dispersal opportunities. Likewise, plant
height increases competitive ability, which increases establishment success and can lead to larger range sizes, but long generation times
and slow mutation rates will increase genetic isolation and promote speciation, which results in smaller range sizes. Moreover, short-lived
plants are expected to have larger range sizes because they have higher reproductive output and dispersal potential, but they also have low
competitive ability and short generation times, which might decrease establishment success and increase genetic isolation and speciation
respectively, resulting in overall lower range size. Therefore, the slope of the relationship between plant height, lifespan and range size
helps to determine which of these processes is more important for explaining patterns in the grass family. These are not the only traits or
mechanisms affecting range size; for a comprehensive discussion, please see Sheth et al. (2020)
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an important determinant of range size (Gallagher, 2016; Sheth et al.,

3

2018), and they spread to achieve their current dominance from the

2020). However, Baselga et al. (2012) found that while the environ-

start of the Miocene, 10–20 million years ago (Strömberg, 2011).

ment was particularly important for determining range size in wide-

Grass species range sizes vary from narrow endemics found on just

spread species, dispersal limitation was a more important control on

single hillsides (e.g. Pentameris trifida (Galley) Galley & H.P. Linder

range size in narrowly distributed species. Wind-pollination is also

and Trisetopsis barbata (Nees) Röser & Wölk) to species with wide

thought to increase plant range sizes, because long-distance pollen

pantropical distributions (e.g. in Hyparrhenia hirta (L.) Stapf and

transport enables new populations on the edge of the species range

Themeda triandra Forssk.). Grasses show a wide range of life forms

to remain in genetic contact with range centres, while also dimin-

and lifespan strategies—plant height ranges from <10 cm to >4 m

ishing dependence on specific animal pollinators (Gallagher, 2016).

(Clayton et al., 2015; Fish et al., 2015). Grasses are largely wind-

Relatedly, self-pollination is a further mechanism shown to promote

pollinated, but display a bewildering variety of dispersal syndromes

range size in plants, likely due to the higher establishment success in

(Clayton, 1990; Kellogg, 2015). These dispersal syndromes tend to

new environments when freed from the constraint of mate limita-

be associated with particular grass clades, as the floral attributes of

tion (Grossenbacher et al., 2015). A recent meta-analysis by Sheth

the grasses are strongly linked to their evolutionary history and are

et al. (2020) of the factors predicting geographic range size in plants

therefore phylogenetically constrained and are also key in morpho-

showed niche breadth to be consistently important, and although

logical taxonomy (Doust et al., 2014; Kellogg, 2015). Grasses show

evidence for the role of other proposed drivers such as dispersal

both C3 and C4 photosynthetic pathways that are also phylogenet-

ability was more varied, concluded that both intrinsic and extrinsic

ically constrained: different grass clades dominate in different envi-

factors will inevitably shape the edge of species distribution ranges.

ronmental conditions (Edwards & Smith, 2010; Visser et al., 2012)

Plant height, through impacting both ecological (Diaz et al.,

and evolved at different times (Hackel et al., 2018). Therefore, un-

2016; Westoby, 1998) and evolutionary processes (Boucher et al.,

derstanding relationships between plant height, lifespan and range

2017; Lanfear et al., 2013) is likely key in determining a species’ geo-

size within and among grass clades could help assess the relative

graphic range size. For example, taller plant species have a larger

importance of these factors in understanding the distribution of

dispersal potential (Thomson et al., 2011) and are therefore more

grasses globally. Finally, grasses are some of the most consequential

likely to expand their range by encountering new suitable habitats

invaders globally and understanding how functional traits constrain

(e.g. Murray et al., 2002; Kristiansen et al., 2009). Height can also

range size in this family could help predict invasiveness (Canavan

increase competitive ability (Falster & Westoby, 2003) and therefore

et al., 2019; Hui et al., 2011). Tall annual grasses have high probabili-

establishment success. From an evolutionary perspective height in

ties of establishment outside their native ranges and tend to be nat-

plants is positively associated with generation times due to slower

uralised in warm climates (Monnet et al., 2020). However, it has not

mutation rates and therefore lower rates of speciation that can also

been determined whether height and lifespan are associated with

facilitate larger range sizes (i.e., it is more likely that geographically

larger native range sizes.

isolated individuals will remain within the same species due to both

We quantified range size in 757 grass species indigenous to

high dispersal capacity and low mutation rates; Lanfear et al., 2013).

southern Africa, representing 12 tribes and 144 genera. We aimed

Conversely, small plants invest proportionally more into reproduc-

to assess the importance of height and lifespan in determining range

tion (Niklas, 2004), which may increase dispersal potential (Sonkoly

size and whether these characters help to explain the likelihood of

et al., 2017), although their smaller seeds tend to have lower survival

grass species becoming invasive. We focus on plant height and lifes-

and establishment rates (Moles & Westoby, 2006).

pan as characters readily available for all 757 species as determi-

Plant lifespan is likely to independently affect range size through

nants of range size. In Figure 1, we highlight how plant height and

impacts on reproduction and establishment (Figure 1). Annual plants

lifespan have the potential to influence range size via multiple mech-

with their large investment in reproduction (Wilson & Thompson,

anisms. Moreover, it should be possible to elaborate on other range

1989) may increase both the likelihood of dispersal and establish-

size constraints within grasses by comparing these relationships

ment success and thereby act to increase range size (Estrada et al.,

among tribes. For example, the area suitable for C3 grass photosyn-

2015). However, the short generation times of annual plants might

thesis in sub-Saharan Africa is limited to montane and winter rainfall

increase diversification rates and reduce range size, as has been

regions, principally the southernmost part of the continent (Scott,

shown in some animals (Boucher et al., 2017). Therefore, both lifes-

2002; Vogel et al., 1978). Habitat suitability would therefore be ex-

pan and plant height have the potential to influence range size via

pected to be the major constraint on the range size of C3 grasses,

multiple, sometimes contradictory pathways (Figure 1). The most

and in most C3 grass tribes the relationship with height or lifespan

important factor, and the mechanism by which it works, is likely to

would then be less apparent than in tribes primarily comprised of

be context-dependent both in terms of the ecosystem and the or-

C4 species. Likewise, if strong relationships were found between

ganism (Sheth et al., 2020).

plant height and range size in tribes with particular floral structures

The grass family represents a unique opportunity for exploring

and dispersal syndromes, this would be evidence that the effect of

the role of plant height and lifespan in driving range size. Ecosystems

height on dispersal is the dominant mechanism driving this relation-

dominated by Poaceae cover approximately 31%–43% of the land

ship (rather than generation time). Overall, we expected a general

surface globally (Archibald et al., 2019; Gibson, 2009; Linder et al.,

positive relationship between range size and plant height across

4
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the region. With respect to lifespan, it is unclear whether annual-

confirmed in preparation of Fish et al. (2015). However, the range

biannual or perennial grasses should a priori be expected to have

sizes of these southern African species were then calculated across

larger range sizes: (1) perennial grasses have longer generation times

the whole sub-Saharan African region, making use of a total of

that should reduce speciation rates and thus promote range sizes,

138,953 locality records, to get a realistic indication of the ranges

while (2) annual-biannual grasses produce more seeds that are also

of widespread species. Species occurrences outside Africa were not

smaller which would likely enhance dispersal opportunities and dis-

included in this study.

tances, and hence their range sizes. We expected that species that

To improve range size estimations for the whole of sub-Saharan

have been introduced to other continents are likely to have larger

Africa, the geo-referenced data from the BODATSA/BRAHMS data-

native range sizes than non-introduced species, because widespread

base were augmented with location data from the Global Biodiversity

species are more likely to be encountered and intentionally or ac-

Information Facility (GBIF.org, 2019). The occurrence data for in-

cidentally introduced to new areas. Following the introduction, we

digenous species identified to species-level were extracted from

expect that factors that promote larger native range sizes will likely

BODATSA and GBIF. The ‘CoordinateCleaner’ package (Zizka et al.,

also enhance the probability of a species becoming invasive.

2019) was used to clean the occurrence data by removing all records
with the following issues: no geographical coordinates, duplicates,

2
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2.1 | Species occurrence data and mapping

localities in the sea or other water bodies, country centroids and
localities of biodiversity institutions. Intraspecific taxa including varieties and subspecies were merged to species-level. The distribution map of species occurrences in our study (Figure 2) represents
sampling intensity (records) prepared using R (R Core Team, 2021).

We limited our study to native species occurring in five southern

The occurrence data for Africa are too sparse to be confident about

African countries (Namibia, Botswana, Lesotho, Eswatini and South

quantifying the environmental requirements (or niche breath) of all

Africa), to make use of the unique and well-curated species occurrence

species in this analysis. Therefore, we were unable to explicitly test

and trait dataset prepared by Fish et al. (2015). We extracted and

the role of niche breath in controlling range size (but see Section 4).

analysed all occurrence records of native southern African Poaceae
from herbarium specimens housed in the National Herbarium
(PRE), Pretoria; Compton Herbarium (NBG and SAM), Cape Town;

2.2 | Species trait data

KwaZulu-Natal Herbarium (NH), Durban; herbarium acronyms following Index Herbariorum (Thiers, 2020). All the above-mentioned

Maximum average plant height in millimetres was obtained from

herbaria are managed by the South African National Biodiversity

herbarium specimens collected in southern Africa, by measuring

Institute (SANBI), held in the Botanical Database of southern Africa

from the base of the culm to the tip of inflorescence during data

(BODATSA, 2019), including the species identifications recently

collection toward Fish et al. (2015). Lifespan is the length of the

F I G U R E 2 Map of the study area
showing the number of herbarium records
for Poaceae per quarter degree grid
square, which provides an indication of
the variation in sampling effort across
the continent. The 757 species assessed
in this study are all native to the region
occupied by the five southern African
countries outlined in black, however,
their range sizes were calculated for the
entire sub-Saharan Africa region including
Madagascar

|
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living cycle of a plant, and all species were scored as either annual-

analysis determines how many raster grid cells the species records

biannual (i.e. annual or biannual) or perennial following Fish et al.

are likely to occupy and then sums the area of these grid cells.

(2015). Photosynthetic type (i.e. C3 or C4) was obtained for each
grass species from Osborne et al. (2014). As photosynthetic type is
strongly linked with evolutionary history in grasses, we did not in-

2.4 | Grass phylogeny

clude it in our analyses, but we did use it to help interpret the results.
The checklist of southern African native grass species in Fish et al.

2.3 | Range size calculations

(2015) was used to select the relevant branches from the grass phylogenetic tree by Spriggs et al. (2014) and match them. The keep. tip
function from the R package ‘ape’ (Paradis et al., 2004) was used to

Methods used to calculate range size vary from underestimates,

keep only the genus-level branch tips. This resulted in a genus-level

such as area of occupancy (AOO; only grid cells where the species

phylogenetic tree which contained 120 of the 144 genera, cover-

was physically observed), to overestimates, such as estimating the

ing 350 of the 757 native grass species from southern Africa in the

extent of occurrence (EOO) by fitting a convex hull that encom-

dataset (Figure S2).

passes all recorded occurrence data points (Gaston & Fuller, 2009).
Burgman and Fox (2003) propose that it is more appropriate to use
an alpha hull method (Edelsbrunner et al., 1983), as this avoids some

2.5 | Statistical analyses

of the more egregious overestimates of the convex hull method, but
still makes some assumptions about presence between scattered

Phylogenetically controlled analysis of range size

occurrence records. The alpha hull method removes all edges from
the convex hull that exceed the value of the mean edge length (L)

Phylogenetic generalised least squares (PGLS; pgls function in ‘caper’

multiplied by alpha (α; i.e. Li > L × α). Thereafter, the total area of all

R package; Orme et al., 2018) models were fitted to test whether

remaining triangles is taken to be the range size (Burgman & Fox,

species range size was influenced by plant height and lifespan. The

2003). As the value of alpha increases, it eventually causes the alpha

analysis was restricted to the 350 species included in the grass phy-

hull to become equivalent to the convex hull, while small alpha val-

logeny estimated by Spriggs et al. (2014), which was used to account

ues make the alpha hull become scattered points (Burgman & Fox,

for potential non-independence among species arising from relat-

2003; Hui et al., 2011).

edness. Branch lengths were optimised for the full additive model

We estimated range size using the ‘EOO.computing’ function (ex-

via maximum likelihood estimation of Pagel's lambda (λ), with this

tent of occurrence) in a development version of the ConR package

λ estimate subsequently used in all candidate models (Pagel, 1997,

kindly provided by Gilles Dauby (Dauby, 2020; Dauby et al., 2017).

1999; Orme et al., 2018). Range size (km2) was log-transformed

This version incorporates a planar mode that allows range size to be

prior to analyses, with the full set of candidate models comprising

estimated using the alpha hull method and projected coordinates,

height (mm; log-transformed) and lifespan (two-level factor: ‘annual-

thus partially accounting for the effect of Earth's curvature on range

biannual’ or ‘perennial’) as predictors fitted independently, additively

size estimates; we used the Africa Albers Equal Area Conic projec-

and as an interaction. In this and all subsequent analyses, model se-

tion for our range size estimates. We visually assessed the estimated

lection was performed based on Akaike's information criterion (AIC),

distribution ranges for well-known species produced by the use of

with the simplest model with ΔAIC <4 relative to the lowest model

different alpha values (see Figure S1 for examples), with expert opin-

AIC value adopted as the best model (Burnham et al., 2011).

ion (A. C. Mashau) recommending the selection of alpha = 200 km
(with 10 km buffer) for our analyses. This choice was felt to provide
an appropriate compromise between overestimating ranges in well-

Range size analysis for the full species dataset

sampled regions, and underestimating ranges in poorly sampled regions (Figure S1). We found that using alpha = 100 km (5 km buffer),

Linear mixed effect models (LMMs) were fitted to test the relation-

200 or 300 km (15 km buffer) did not change the overall results and

ship between range size and plant height and lifespan, which were

conclusions of the analyses described below, because although es-

fitted as fixed effects. The analysis included all tribes with more than

timated range sizes are highly sensitive to alpha values, the relative

five species, resulting in a dataset of 757 species in 144 genera and

differences in range size between species remain approximately the

12 tribes. The model selection was performed based on AIC, with

same and produce the same relationships with height and lifespan

the simplest model with ΔAIC <4 relative to the lowest model AIC

(see Tables S1–S 4 and S6–S8). Alpha hulls cannot be computed for

value adopted as the best model (Burnham et al., 2011). The ran-

species with fewer than three occurrence records. In these cases, we

dom effects component of the models accounted for differences

used the ‘AOO.computing’ function (area of occurrence) with raster

in intercepts among grass genera nested within the tribe. Range

grid sizes of 10, 20 and 30 km to provide range size estimates to

size (km2) was log-transformed to conform to a normal distribu-

complete the data sets with alpha values of 100, 200 and 300 km,

tion prior to analyses, with the full set of candidate models com-

respectively. We used 20 random raster grid starting positions; the

prising height (mm; log-transformed) and lifespan (two-level factor:

6
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height (mm) were both log-transformed prior to analyses. Tribe was

additively and as an interaction. Maximum likelihood and t-tests

fitted as a random effect, with genus omitted due to model con-

using Satterthwaite's method (lmerModLmerTest; Kuznetsova et al.,

vergence issues arising from the particular subset of introduced

2017) were used to fit and calculate approximate p-values for these

species. Candidate models included the full set of combinations of

models.

these variables. In a separate analysis, an LMM was fitted to test
for differences in range size (the response) among each of the three
INI invasion categories, with the addition of another category for

Tribe-level range size versus plant height relationships

those species that were not introduced to other continents (the only
fixed effect). Genus nested within the tribe was fitted as a random

Linear regression models were fitted to assess the relationship

effect. The model selection was performed based on AIC, with the

between range size and plant height and plant lifespan for each

simplest model with ΔAIC <4 relative to the lowest model AIC value

of the 12 tribes. Range size (km2) and height (mm) were both log-

adopted as the best model (Burnham et al., 2011). All analyses were

transformed prior to fitting the models. Lifespan was omitted from

done in the R environment (R version 3.5.1; R Development Core

models for Arundineae, Oryzeae and Tristachydeae due to low rep-

Team, 2021).

resentation of annual species (≤2 species).

Range size as a predictor of invasiveness

3

|

R E S U LT S

The median range size of southern African Poaceae was c.
The degree of invasiveness of 250 grass species that are native

120,000 km2, with an interquartile range of c. 25,000 to 520,000 km2

to South Africa and that have been introduced to Australia, Chile,

(Figure 3). However, seven grass species have range sizes >5 million

Europe and/or the USA was assessed. Due to the lack of data on in-

km2—i.e. they cover over half of the total area of sub-Saharan Africa

vasive status for most countries and the difficulty in acquiring these,

(land area c. 9,200,000 km2).

we used the determinations for the four regions selected by Visser
et al. (2016). Species were classified into three categories following Visser et al. (2016), based on how far along the ‘introduction-
naturalisation-invasion’ (INI) continuum they had progressed

3.1 | Phylogenetically controlled analysis of
range size

(Blackburn et al., 2011): (1) introduced (but not [yet] naturalised or
invasive), (2) naturalised (i.e. introduced and now naturalised but not

Grass species range sizes were strongly related to both plant height

[yet] invasive) and (3) invasive (i.e. introduced, naturalised and now

and lifespan. The best PGLS model included height and lifespan as

invasive). Generalised linear mixed effect models (GLMMs) were fit-

additive effects (Tables S1 and S2; Figure S3; r2 = 0.14), with no

ted to test if native range size (i.e. in sub-Saharan Africa), plant height

clear evidence for an interaction between these predictors (p = 0.

or lifespan predict whether species have become invasive or not

828; ΔAIC = 1.952). Plant height had a positive effect on range

when introduced to other continents. Binomial models with a logit

size (β ± SE = 0.876 ± 0.154, p < 0.001), and perennial grasses

link function were fitted with species classified as invasive scored

had significantly smaller range sizes than annual-biannual grasses

as 1 and introduced or naturalised scored as 0. Range size (km2) and

(β ± SE = −1.098 ± 0.185, p < 0.001). When range size and height

F I G U R E 3 Histogram of the range
sizes (km2, log-scale) of southern African
grasses, estimated using the alpha hull
method with alpha = 200 km. Tribe-level
range size distributions are indicated by
stacked colour bands

|
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are back-transformed to their original measurement scales, the
model suggests that the range size of an annual-biannual grass will

7

3.3 | Tribe-level range size versus plant height
relationships

increase over the interquartile range of observed grass heights (550
to 1200 mm) from c. 230,000 to 455,000 km2, and for a perennial

The linear models showed that most C4-dominated tribes

grass from c. 77,000 to 152,000 km2. The λ estimate of 0.681 sug-

(Andropogoneae, Aristideae, Eragrostideae, Paniceae and Zoysieae)

gests that the range size of grasses is structured to some extent by

had positive significant relationships with plant height (Figure 5; Table

phylogenetic relationships and grass evolutionary history.

S5), with the exceptions being the Cynodonteae and Tristachydeae,
where height had a non-significant effect on range size. Among the

3.2 | Range size analysis for the full species dataset

C3 tribes, the Arundineae, Oryzeae and Poeae had significant and
positive height versus range size relationships, but this relationship
was non-significant for the Danthonieae and Ehrharteae.

The LMMs fitted to data for all southern African grass species confirmed that range size was significantly related to both plant height
and lifespan (Figure 4). The best model included height and lifespan

3.4 | Range size as a predictor of invasiveness

as additive effects (Tables S3 and S4; Figure S4; marginal r2 = 0.08,
conditional r2 = 0.25), with no clear evidence for an interaction be-

The invasiveness data revealed that the probability of a South

tween these predictors (p = 0.662; ΔAIC = 1.808). Consistent with

African grass becoming invasive after being introduced to other

the phylogenetic analyses, height had a positive effect on range size

continents was related to both its native range size and lifespan

(β ± SE = 0.872 ± 0.127, p < 0.001), and range sizes for perennial

(Figure 6). The best GLMM model included range size and lifespan

grasses were significantly smaller than for annual-biannual grasses

as additive effects, and tribe as a random effect (Tables S6 and S7;

(β ± SE = −0.870 ± 0.170, p < 0.001). Examination of the tribe-level

marginal r2 = 0.12, conditional r2 = 0.14). Invasiveness was positively

intercept in the random effects suggests that there are unaccounted

related to range size (β ± SE = 0.576 ± 0.167, p < 0.001), and peren-

for effects that result in both the Danthonieae and Poeae having

nial grasses had marginally significant lower probability of becom-

smaller range sizes than the other tribes and the Andropogoneae

ing invasive than annual-biannual grasses (β ± SE = −0.670 ± 0.349,

having unexpectedly large ranges (Figure S5).

p = 0.055).
The LMM using all grass species confirmed that range size differences existed between invasion categories (Table S8; Figure 7;
Figure S6). Species that had not been introduced to other continents
had significantly smaller range sizes than all other categories (54
567 km2; p < 0.001). Native range size increased steadily along the

INI continuum: introduced (377,566 km2), naturalised (496,481 km2)
and invasive (1,026,022 km2), although the difference in range size
between introduced and naturalised species was not significant
(p > 0.05).

4
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DISCUSSION

We found that grass height has a positive correlation with range size,
where taller grasses have larger range sizes (Figure 4). The strength
of the plant height-range size relationship, which persists when controlling for phylogeny, was expected based on well-documented
relationships between plant height and increased dispersal ability
(Thomson et al., 2011) and decreased diversification (Boucher et al.,
2017), and mutation rates (Lanfear et al., 2013). However, there is
also potentially an ecological factor related to competitive abilities:
tall grasses tend to outcompete small grasses and remain dominant
F I G U R E 4 Relationships between range size (km2, log-scale) and
plant height (mm, log-scale) for 757 southern African grasses with
annual-biannual (open symbols and dashed line) or perennial (solid
symbols and line) lifespans, as estimated by a linear mixed effects
model. Genus nested within tribe was fitted as a random intercept
term in the model to partially account for evolutionary constraints

in an occupied area (Falster & Westoby, 2003).
Range sizes of annual-biannual grasses were larger than for perennial grasses in sub-Saharan Africa (Figure 4). There are several
reasons why within the grass family, annual-biannual grasses might
be expected to have larger range sizes. One reason may be because
annual-biannual grass species have higher reproductive allocation

8
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F I G U R E 5 Tribe-level relationships between range size (km2, log-scale) and plant height (mm, log-scale) and plant lifespan (annual-
biannual vs. perennial) for 757 species in 144 genera and 12 tribes of southern African grasses. Linear models were fitted to species range
size data for each tribe separately, with height fitted as a predictor in all models, and lifespan fitted where annual-biannual and perennial
categories were represented by five or more species each. Solid lines represent a significant effect of plant height, and dashed lines
represent a non-significant effect of plant height; shaded areas represent the 95% confidence interval for height parameter estimates.
Red lines and shading represent annual-biannual species, blue represents perennial species, and black lines with grey shading represent all
lifespans. The significance of lifespan effects on range sizes are indicated in each panel (‘A-B vs. P’ = annual-biannual vs. perennial), where
*** = p < 0.001, * = p < 0.05 and NS = p > 0.05. The photosynthetic pathways (i.e. C3 and/or C4) occurring in each tribe are shown in
brackets after the tribe name
than perennial grasses (Vico et al., 2016; Wilson & Thompson, 1989),

the positive effect on range size of increased dispersal opportunities

and often also smaller seeds (Moles et al., 2004), and this has been

and dispersal distance is greater than the negative effect of short

shown to correlate with dispersal distance and hence range size

generation times and hence faster speciation rates (Boucher et al.,

(Sonkoly et al., 2017). Perennial grasses such as Hyperthelia dissoluta

2017).

(Nees ex Steud.) Clayton allocate resources to above-ground bio-

Contrary to our expectations, the strongest positive relationships

mass, clonal reproduction, and rapid height gain (Ripley et al., 2015;

with height were found in three C3 tribes, Oryzeae, Arundineae and

Taylor et al., 2010) at the expense of reproductive effort. Finally,

Poeae (although note that the Oryzeae showed little variation in

while annual grasses always flower within the first year, many peren-

range size); however, for the C3 Danthonieae and Ehrharteae, the

nial tropical grasses can also produce seeds within months of germi-

relationship was not significant. The C4 clades generally had strong

nating (unpublished data S. Archibald and C. Lehmann). Therefore,

positive relationships with plant height, but the Cynodonteae is an

although annual species have short generation times, they are not

exception. These results can in part be explained with reference to

necessarily always shorter than those of co-occurring perennial

habitat suitability and dispersal syndromes. In particular, Oryzeae

grasses. Overall, our results show that grasses with shorter lifespans

and Arundineae are largely wetland species (Fish et al., 2015), and,

have larger range sizes, suggesting that, for annual-biannual grasses,

by promoting the ability to disperse easily from one isolated wetland

|

MASHAU et al.

F I G U R E 6 Probability of South African grasses becoming
invasive following introduction to other continents as a function
of their native range size in sub-Saharan Africa (km2, log-scale)
and lifespan (annual-biannual: open symbols and dashed line, or
perennial: solid symbols and line). Probabilities were estimated by
fitting a binomial generalised linear mixed effects model fitted to
data for 250 grasses categorised as invasive (1) or introduced or
naturalised (0) following Visser et al. (2016). Tribe was fitted as a
random intercept in the model

9

F I G U R E 7 Boxplot showing variation in native range sizes
among 757 southern African grasses after classification into four
invasion status categories: (1) not introduced to other continents,
(2) introduced (but not [yet] naturalised or invasive), (3) naturalised
(i.e. introduced and now naturalised but not [yet] invasive), and (4)
invasive (i.e. introduced, naturalised and now invasive). Differences
in range size among invasion categories were assessed using a
linear mixed effects model, with genus nested within tribe fitted as
a random effect. Categories with different letters are significantly
different (p < 0.05)

fragment to another, height should strongly drive their range size.
Likewise, cool environments are found scattered throughout the

thought to be dispersed on the feet of waterbirds (personal com-

high-altitude mountains of Africa (Meadows & Linder, 1993), and it

munication I. P. J. Smit). Although the response of dispersal distance

would be expected that grass species from the Poeae tribe, which

to plant height is very well-documented for wind-dispersed species

includes Afromontane specialists, such as Festuca L. and Trisetopsis

(Thompson et al., 2011), it is less clear how height might facilitate

Röser & Wölk (South African species previous classified under

dispersal with endozoochory—in fact, it is possible that there is a

Helictotrichon Besser ex Schult. & Schult. f.) would show a significant

negative relationship here, as smaller plants are more likely to have

relationship with grass height. In contrast, the C3 tribe Danthonieae

their seeds ingested by grazing animals (Anderson et al., 2014).

is predominantly limited to cooler environments in the southern

Perhaps as a result, Cynodonteae species are generally shorter than

Cape in Africa (Humphreys & Linder, 2013), so height (and disper-

other clades as can be seen in Figure 5. Clearly further research link-

sal ability) should not affect their ranges which are constrained by

ing dispersal syndromes to height and range size is urgently needed.

habitat availability (Gallagher, 2016). Linder et al. (2018) argue that

We do not yet have clarity on which propagule traits are associated

frost tolerance allowed subfamilies Pooideae and Danthonioideae

with endozoochory, epizoochory, and wind dispersal in grasses, but

to invade vast areas during glacial periods. However, the Pooideae

from data presented here, it seems this might be key to explaining

evolved earlier than the Danthonioideae and this, together with the

biogeographic patterns in this plant family.

truncated cold environments available in the Southern Hemisphere,

The tribes Danthonieae and Poeae had smaller range sizes than

has probably prevented the Danthonioideae from expanding their

the other tribes once grass height and lifespan had been accounted

ranges as much as Pooideae (Humphreys & Linder, 2013).

for, while the Andropogoneae had unexpectedly large range sizes

Tribe Paniceae is very large and includes both C3 and C4 species

(Figure S5). Visser et al. (2012) argued that Andropogoneae are

and a wide variety of dispersal syndromes. It is not surprising there-

uniquely adapted to fire, and Schmidt et al. (2011) found species

fore that the relationship with height is less apparent in this clade.

in this clade to be good competitors across a wide environmental

Likewise, tribe Cynodonteae also contains species with disper-

range. Perhaps these two factors, together with the fact that they are

sal syndromes ranging from the epizoochoric Tragus berteronianus

generally tall and include multiple annual species (Fish et al., 2015;

Schult. to endozoochoric Cynodon dactylon (L.) Pers., and includes

Schmidt et al., 2011) may account for this group's large range sizes.

species like Dactyloctenium giganteum Fisher & Schweick. which is

Interestingly, the Andropogoneae are one of the youngest grass
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clades to have evolved (Welker et al., 2020), and their extremely

Miocene and today. Our study has improved our ecological under-

large ranges contradict the age-and-area hypothesis that has been

standing of how grass range size varies across sub-Saharan Africa,

observed in several other plant groups (Sheth et al., 2020). Yet again,

and challenges the idea that dispersal potential is less important

this highlights the potentially important and under-recognised role

than niche breadth or environmental variability as the main driver

of dispersal and competition traits in driving range size.

of range size (Sheth et al., 2020). Our results also suggest that in

Invasive grasses had larger native range sizes than introduced

grasses the increased dispersal opportunities and distances of

species (Figure 7), and annual-biannual grasses had a significantly

annual-biannual grasses have a greater effect on promoting range

higher probability of being invasive than perennial grasses (Figure 6).

size in grasses than the effect of short generation times on spe-

This is the first time this has been demonstrated for the grass fam-

ciation rates. Furthermore, there is also a need to understand how

ily and corresponds with findings for Australian Acacia (Hui et al.,

floral attributes and dispersal mode relate to range size in grasses,

2011) and the flora of the Czech Republic (Pyšek et al., 2009), where

which requires further research. Measuring range size helps to un-

species with large native range sizes are more likely to become inva-

derstand the evolutionary origins and ecological characteristics of

sive. The simplest explanation for this is that species with large range

a species and is important for assessing invasion and extinction

sizes are likely to be encountered by more people so have increased

risk.

likelihood and hence the frequency of being chosen for introduction
elsewhere (Duncan et al., 2001). Species with larger native ranges
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