
RESEARCH ARTICLE

Plant families exhibit unique geographic

trends in C4 richness and cover in Australia

Samantha E. M. MunroeID
1,2*, Francesca A. McInerney3, Greg R. Guerin1,2, Jake

W. Andrae3, Nina WeltiID
4, Stefan Caddy-Retalic1,5, Rachel Atkins3, Ben Sparrow1,2

1 School of Biological Sciences, The University of Adelaide, Adelaide, South Australia, Australia,

2 Terrestrial Ecosystem Research Network (TERN), University of Adelaide, Adelaide, South Australia,

Australia, 3 School of Physical Sciences and the Sprigg Geobiology Centre, The University of Adelaide,

Adelaide, South Australia, Australia, 4 CSIRO Agriculture and Food, Urrbrae, South Australia, Australia,

5 School of Life and Environmental Sciences, University of Sydney, New South Wales, Sydney, Australia

* samantha.munroe@adelaide.edu.au

Abstract

Numerous studies have analysed the relationship between C4 plant cover and climate. How-

ever, few have examined how different C4 taxa vary in their response to climate, or how

environmental factors alter C4:C3 abundance. Here we investigate (a) how proportional C4

plant cover and richness (relative to C3) responds to changes in climate and local environ-

mental factors, and (b) if this response is consistent among families. Proportional cover and

richness of C4 species were determined at 541 one-hectare plots across Australia for 14

families. C4 cover and richness of the most common and abundant families were regressed

against climate and local parameters. C4 richness and cover in the monocot families Poa-

ceae and Cyperaceae increased with latitude and were strongly positively correlated with

January temperatures, however C4 Cyperaceae occupied a more restricted temperature

range. Seasonal rainfall, soil pH, soil texture, and tree cover modified proportional C4 cover

in both families. Eudicot families displayed considerable variation in C4 distribution patterns.

Proportional C4 Euphorbiaceae richness and cover were negatively correlated with

increased moisture availability (i.e. high rainfall and low aridity), indicating they were more

common in dry environments. Proportional C4 Chenopodiaceae richness and cover were

weakly correlated with climate and local environmental factors, including soil texture. How-

ever, the explanatory power of C4 Chenopodiaceae models were poor, suggesting none of

the factors considered in this study strongly influenced Chenopodiaceae distribution. Pro-

portional C4 richness and cover in Aizoaceae, Amaranthaceae, and Portulacaceae

increased with latitude, suggesting C4 cover and richness in these families increased with

temperature and summer rainfall, but sample size was insufficient for regression analysis.

Results demonstrate the unique relationships between different C4 taxa and climate, and

the significant modifying effects of environmental factors on C4 distribution. Our work also

revealed C4 families will not exhibit similar responses to local perturbations or climate.
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Introduction

C3 and C4 plants have distinct geographical distributions in large part due to differences in

anatomy, physiology, and biochemistry [1]. Under conditions such as high heat or hypersalin-

ity, C3 plants experience high levels of photorespiration [oxygen fixation by rubisco; 2–4].

Consequently, C3 plants may not thrive in hot or dry environments. C4 photosynthesis is dis-

tinguished by a series of biochemical and anatomical adaptations that concentrate and isolate

CO2 with rubisco, helping to eliminate photorespiration and increase nutrient and water-use

efficiency [5,6]. As a result, C4 plants can dominate warm environments and are essential to

the development of tropical and subtropical savannahs, grasslands, and shrublands [5,7].

Broad patterns in C3 and C4 cover are predominantly estimated using temperature and pre-

cipitation models [8,9]. However, the relative importance of different environmental factors is

still debated. As a result, numerous approaches have been developed to estimate C4 distribution.

The leading method used to predict C3:C4 grass cover is the physiological temperature crossover

model [10,11]. This model incorporates the antagonistic effects of increasing temperature and

rising CO2 levels on C3 and C4 plants. Increases in CO2 levels are expected to favour C3 species,

potentially leading to increased C3 cover [12–14], while rising temperatures should favour C4

species [15]. The crossover approach predicts that at modern CO2 levels, the photosynthetic

yields (i.e. light use efficiencies) of C4 grasses surpasses those of C3 grasses at a crossover temper-

ature of approximately of 22˚C [10,11,16]. However, more recent research has challenged the

underlying physiological assumptions of this approach, arguing that CO2 levels have a reduced

influence relative to other environmental factors [15,17]. Alternative models to calculate C4

cover include summer maximum temperatures [18] and seasonal rainfall patterns [19–21]. The

method deemed to be the most accurate often differs between regions and the types of data used

to develop the model. Therefore, there remains uncertainty on how to best predict C4 abun-

dance, and how C4 and C3 species respond to environmental change.

Most C4 cover~climate models are designed to estimate C4 grass distribution. Few investi-

gations have considered how additional C4 taxa vary in their particular relationship to climate,

a critical feature in anticipating responses to environmental change. Although most C4 plants

are indeed grasses (4500 species), C4 lineages are also found among sedges (1500 species) and

eudicots [1200 species; 5]. Work that is available has revealed distinct C4 taxa exhibit disparate

geographical trends [22,23]. For example, Wang and Ma [24] used flora survey data to examine

C4 distribution in China and found that while C4 grass occurrence was primarily associated

with changes in precipitation, the distributions of C4 chenopods and sedges were associated

with changes in aridity and temperature, respectively. These studies demonstrate different

models and approaches should be developed and applied across distinct lineages to provide

the most accurate estimates of vegetation abundance.

Methods to predict C4 species distribution assume that species occurrence and cover are

shaped by their physiological responses to climate. However, local environmental factors can sig-

nificantly modify C4 distribution, influence local competitive dynamics, and inhibit or maintain

C3 and C4 coexistence [25–27]. For example, Griffith, Anderson [28] determined the propor-

tional cover of C4 grass in over 40,000 vegetation plots in North America. The best models to

describe C3:C4 grass distribution included temperature, and precipitation, but also local environ-

mental factors such as tree cover and fire. Local factors, such as soil nitrogen supply, have also

been shown to reverse the responses of C3 and C4 plants to atmospheric CO2 concentrations

[29]. Investigating the combined effects of climate and local factors on C4 distribution at large-

scales is essential to accurately predicting C4 abundance now and into the future.

Large-scale studies of C4 occurrence and cover that consider both climate and other envi-

ronmental factors have been limited due to a lack of data. Since 2009, the Terrestrial Ecosystem
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Research Network (TERN) has collected plot-based environmental data across all major

biomes and dryland habitats in Australia. Using a consistent point-intercept approach, TERN

systematically surveys one-hectare plots to determine the relative cover of plant taxa. In addi-

tion, the TERN plant sample library can be used to identify the photosynthetic pathway of

unassigned species via stable carbon isotope analysis [30,31]. By combining these two novel

resources, TERN’s monitoring program provides a rare opportunity to investigate the propor-

tional cover and richness of different C4 lineages at a large scale. This work is particularly valu-

able for Australia, where only a few studies have examined the distribution of C4 grasses and

sedges [32–35], and no studies have surveyed the distribution of C4 plants in other taxa.

In this study, we used TERN vegetation surveys to compare proportional vegetation cover

and richness of C4 species in 14 plant families in Australia. We statistically assessed correla-

tions between proportional C4 richness and cover with climate and edaphic variables in the

four most common and abundant families: Poaceae, Cyperaceae, Chenopodiaceae and

Euphorbiaceae. Specifically, we asked how proportional C4 plant richness and cover (relative

to C3) responds to changes in climate and local environmental factors, and if this response was

consistent among families. The analysis presented here sheds new light on how C4 occurrence

and cover responds to particular climate variables, how local environmental factors modify C4

abundance, and whether responses are consistent among broad taxonomic groups. This work

will inform improved strategies to estimate C4 abundance, and increase understanding of the

impacts local conditions have on different C4 taxa.

Materials and methods

Data collection

Proportional C4 vegetation richness and cover (relative to combined C3 and C4 cover and rich-

ness) for each family were determined at 541 one-hectare plots systemically surveyed by TERN

between 2011 and 2017. TERN plots are not surveyed on an annual basis. Instead, plots have

typically been surveyed once, with an intention to revisit at least once per decade. Surveys

occur between February to November. The season of survey is chosen to be the most appropri-

ate for a given system to capture species diversity and provide the best chance of accurate spe-

cies identification. Most plots are located within the Australian rangelands, which are

characterised by weathered features, old and typically infertile soils, highly variable rainfall,

and variable plant communities. Plot locations are selected to avoid major anthropogenic

influences (such as roads, cattle yards, fences, bores, etc.) or sources of anthropogenic distur-

bance (e.g. livestock grazing). Surveyed vegetation types include woodlands and savannahs,

tussock and hummock grasslands, and shrublands.

Plots (1 ha, 100 x 100 m) are permanently established sites located in a homogenous area of

terrestrial vegetation. Transects (10 x 100 m long) were laid out within each plot in a 5 x 5 grid

pattern. Parallel transects were spaced 20 meters apart. Species were recorded at each point (1

m) within the transect, resulting in 1010 survey points per plot. Point-intercept data were used

to calculate proportional C4 vegetation cover and presence/absence data were used to calculate

proportional C4 species richness (see statistical analysis). Ground observers vouchered all spe-

cies present within each plot and vouchers were identified at major herbaria across Australia.

Full survey protocols are detailed in the TERN Ausplots Rangelands manual [36,37].

Statistical analysis

Data were analysed in the R statistical environment [38]. Point-intercept data were imported

using the ‘ausplotsR’ package [39,40]. Species cover (%) was calculated from point-intercepts

at each TERN plot using the ‘species_table’ function. The ‘species_table’ function calculates
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species cover (%) as the total number of times a species was detected or ‘counted’ across all

transects, divided by the total number of transect points in the plot (1010), and multiplied by

100. If more than one survey was available, we calculated the average species cover for each

plot. Species were assigned a photosynthetic pathway using [41]. The cover values of species

with the same pathway were summed to determine the total C4 and C3 plant cover in each fam-

ily at each plot. Finally, proportional C4 cover was calculated at each plot for each family as a

proportion of C3 and C4 species cover by:

Proportional C4 cover ¼ C4 species cover=ðC4 species cover þ C3 species coverÞ ð1Þ

Plot C4 and C3 richness was calculated as the number of unique C4 and C3 taxa at the spe-

cies level that were detected across all transects in a plot. Proportional C4 richness for each

family was calculated as a proportion of the combined species richness of C3 and C4 species by:

Proportional C4 species richness ¼ C4 richness=ðC4 richnessþ C3 richnessÞ ð2Þ

We decided to examine C4 richness and cover as a proportion of total C3 and C4 species

richness and cover to prevent our analysis from being influenced by factors that affect plant

abundance. Much of Australia has a highly arid climate with limited plant cover, and these

habitats can’t be easily directly compared to temperate or wet-tropical regions.

To investigate the unique cover patterns of C4 species in different plant families, propor-

tional C4 richness and cover were regressed against climatic and local environmental parame-

ters that are considered potential drivers of C4 plant distribution [5,28,42]. Climate variables

included mean annual temperature (MAT), mean annual precipitation (MAP), mean January

minimum and maximum temperature [18,33], January precipitation, mean annual aridity

index (precipitation/potential evaporation), C4 growing season water availability [see desrip-

tion below; 19,32], and a variable generated to represent the Collatz, Berry [11] crossover tem-

perature model (see below). Local edaphic variables included soil sand and clay content (%),

pH, and available water capacity (the amount of water soil can store that is available to plants,

AWC). Edaphic values were averaged over a soil depth of 0 to 15 cm. We also included tree

cover (%), which was calculated as the total species cover (%) of trees equal to or taller than 5

m at each plot. Climate data were based on 1970–2018 records and were sourced from the Aus-

tralian Gridded Climate Data set (Bureau of Meteorology, accessed through the TERN Data

Discovery Portal). The aridity index used data spanning 1976–2005 and was sourced from

Harwood, Donohue [43]. Soil variables were accessed from the Soil and Landscape Grid of

Australia [44].

C4 growing season water availability (hereafter, seasonal water availability or SWA) was cal-

culated according to Murphy and Bowman [32]. This approach determines the proportion of

precipitation that occurs during C3 and C4 growing seasons as defined by temperature and

was calculated by:

SWA ¼
Precipitation in C4 growing season

ðPrecipitation in C4 growing seasonþ precipitation in C3 growing seasonÞ
ð3Þ

To apply the Collatz, Berry [11] crossover temperature approach as consistently as possible,

we regressed the mean annual proportion of C4 favoured months rather than the mean abso-

lute number of C4 favoured months. A given month was determined to favour C3 growth

when the mean daytime temperature was� 22˚C and precipitation was� 25 mm. A given

month was determined to favour C4 growth when the mean daytime temperature was > 22˚C

and precipitation was� 25 mm. As previously mentioned, most of Australia has a highly arid

climate and large areas of the country receive< 25 mm of precipitation per month. Therefore,
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comparing the absolute number of C4 favoured months in each plot would have confounded

comparisons between dry and wet habitats.

To investigate the partial effects of different climate and local environmental variables, we

considered several possible parametric and non-parametric approaches. Because our data are

proportional (i.e. range from 0 to 1 and included true values of 0 and 1) and were derived from

discrete counts (i.e. the number of C4 plants out of the total number of plants in the transect),

a logistic regression with a weighted response variable was determined an appropriate method

to explore the relationship between proportional C4 plot values and climate and local variables

[45]. Models were constructed using the glm function. Strong covariance among variables or

the inclusion of too many variables can lead to overfitting [46]. Therefore, models were limited

to variables that had Pearson pairwise correlations < 0.7 and a maximum of five predictors.

Although we acknowledge interactions are probable in these complex systems, preliminary

work showed that our sample size was not large enough to support interactions. Models were

compared using a backwards, step-wise comparison process between each model using quasi-

Akaike information criterion (QAIC) to account for over-dispersion. Spatial autocorrelation

was tested using Moran’s I [47]. In cases where we identified significant (p<0.05) spatial auto-

correlation, a spatial autocovariate term was included as a fixed covariate in each model. Auto-

correlation was detected in Poaceae and Chenopodiaceae regressions, therefore spatial

autocovariate terms were included as fixed covariates in Poaceae and Chenopodiaceae models.

The spatial autocovariate terms were calculated as the distance-weighted mean of neighbour-

ing proportional C4 values. The terms were calculated using the R package “spdep” [48]. A

pseudo- R2 (McFadden’s R2) was used as a measure of explained variation [49]. To determine

the relative importance of each predictor in the best fit models, each predictor was removed

from the best fit model (i.e. a leave-one-out approach) to compare the change in QAIC to the

full model. Models were visualised using the “visreg” package in R [50].

Results

Proportional C4 cover and richness

Using Munroe, McInerney [41], we determined the photosynthetic pathway of 2484 of the

2605 species identified within TERN plots. Most unassigned species were rarely encountered

(i.e. only recorded at one point in a single plot) and thus had a limited effect on analysis. Of

the 2484 assigned species, 347 (13.9%) were C4 species and 2101 were C3 (84.5%). The remain-

ing species were C3-CAM (18), CAM (7), C3-C4 (7), and C4-CAM (4). C4 species were distrib-

uted amongst 14 families and 85 genera (S1 Table). To enable consistent comparisons with

previous work, we evaluated Chenopodiaceae independent of Amaranthaceae [e.g. 24,51]. C3-

CAM, CAM, C3-C4, and C4-CAM species were excluded from statistical analysis.

C4 plants were detected in 451 plots (85.7%). Proportional C4 richness ranged from 0 to

88% (24.8% ±19.1), where 81% of plots had� 5% C4 richness, and 16% of plots had� 50% C4

richness. Proportional C4 cover ranged from 0 to 98% (36.5% ± 30.7%, mean ± standard devia-

tion). 72% of TERN plots had� 5% proportional C4 cover and 35% of plots had� 50% pro-

portional C4 cover. We calculated proportional C4 richness and cover at TERN plots for all 14

families in which C4 species were identified (S1 Data). Proportional C4 richness and cover in

Aizoaceae, Amaranthaceae, Cyperaceae, Poaceae, and Portulacaceae increased along a south

to north trajectory (Figs 1 and S1 File). Although not tested for directly, these trends indicate

C4 cover in these families increased with increases in temperature, C4 growing season, and

summer rainfall. Proportional C4 cover and richness in Boraginaceae and Zygophyllaceae was

also typically higher in northern Australia. However, C3 species in these families were also

common in some northern plots. The remaining eudicot families exhibited no obvious
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Fig 1. Proportional C4 cover and richness at TERN monitoring plots. (a, b) Poaceae, (c, d) Cyperaceae, (e, f) Chenopodiaceae, and (g, h)

Euphorbiaceae.

https://doi.org/10.1371/journal.pone.0271603.g001
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geographical or climate-based trends in proportional C4 distribution. C3 Asteraceae species

were found distributed across TERN plots, with only one C4 species being detected in western

Australia in two plots. Both C3 and C4 Cleomaceae were found in northern subtropical plots.

C4 Euphorbiaceae and Chenopodiaceae were found in a wide range of climates, including the

relatively cool, temperate areas of southern Australia. There were sufficient data for logistic

regression analysis of Poaceae, Cyperaceae, Chenopodiaceae, and Euphorbiaceae. For all other

families, species were detected in too few plots (< 50) or had too little cover (< 1%) to conduct

effective quantitative analysis.

Poaceae

Mean proportional C4 Poaceae richness was 82.8% (± 34.0) and mean proportional C4 Poaceae

cover was 83.9% (± 34.9%). Most plots containing Poaceae were characterised by either 0 or

100% proportional C4 Poaceae richness and cover (Figs 2 and 3, SI Appendix 3). Mean January

maximum temperature, January precipitation, tree cover, and sand (%) were the best predic-

tors of proportional C4 Poaceae richness (Table 1). Proportional C4 Poaceae richness increased

with January maximum temperature (Fig 2). Higher January precipitation and low tree cover

were correlated with comparatively small increases in proportional C4 Poaceae richness. Sand

(%) also had minor modifying effect on proportional C4 Poaceae richness, where increased

sand (%) were associated with decreased proportional richness. QAIC comparisons using our

leave-one-out approach indicated January maximum temperature was the most important

predictor of C4 grass richness trends, while tree cover was of least importance in the model

(S2 Table).

Fig 2. Binomial logistic regressions of proportional C4 Poaceae richness. Grey points are partial residuals, blue lines

and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and rugs were

drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the plot). For

each plot (A-D), independent variables not depicted on the x-axis are held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g002
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Mean January maximum temperature, January precipitation, AWC, and tree cover were

the best predictors of proportional C4 Poaceae cover (Tables 2 and S2). January maximum

temperature was positively correlated with increases in proportional C4 Poaceae cover (Fig 3).

Low tree cover, increased January precipitation, and lower AWC was correlated with small

increases in proportional C4 Poaceae cover. However, only January maximum temperature,

January precipitation, and tree cover were consistently included in models with a QAIC<2;

the removal of AWC had little effect on the overall R2 and QAIC values (S2 Table). QAIC com-

parisons using our leave-one-out approach also indicated January maximum temperature was

the most important predictor of C4 grass cover trends (S2 Table). Both the proportional C4

grass cover and richness models predicted indicated that below 30˚C January maximum tem-

perature, C3 grasses dominated survey plots (>80% C3), while at plots with January maximum

temperatures above 33˚C, C4 grasses dominated (>80% C4). Temperatures between 30˚C and

33˚C supported mixed C4/C3 grass plots. There was a significant positive correlation between

proportional C4 Poaceae richness and cover (Spearman’s rank correlation, ρ = 0.81, P<0.05,

S2 File). Visual inspection of partial residuals indicated we achieved a better model fit for pro-

portional C4 Poaceae richness than cover.

Cyperaceae

Mean proportional C4 Cyperaceae richness was 52.8% (± 48.6) and mean proportional C4

Cyperaceae cover was 57.6% (± 48.2%). Most plots containing Cyperaceae were defined by

bimodal values of 0 or 100% proportional C4 Cyperaceae cover and richness (Figs 4 and 5).

The mean annual proportion of C4 favoured months [11], tree cover, and pH were included in

Fig 3. Binomial logistic regressions of proportional C4 Poaceae cover. Grey points are partial residuals, blue lines

and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and rugs were

drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the plot). For

each plot (A-D), independent variables not depicted on the x-axis are held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g003
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the best fit model to predict predictors of proportional C4 Cyperaceae richness. Proportional

C4 Cyperaceae richness was positively correlated with an increased proportion of C4 favoured

months. Higher C4 Cyperaceae proportional richness was positively correlated with low tree

cover and higher pH values (less acidic; Fig 4). QAIC comparisons using a leave-one-out

approach indicated the proportion of C4 favoured months was the primary predictor of C4

Cyperaceae richness trends (S2 Table).

Mean January minimum temperature, January precipitation, tree cover and pH were

included in the best fit model to predict proportional C4 Cyperaceae cover. Proportional C4

Cyperaceae cover was positively correlated with January minimum temperature and January

precipitation (Fig 5). Low tree cover and higher pH were also positively correlated with

increases in proportional C4 Cyperaceae cover. QAIC comparisons using a leave-one-out

approach indicated January minimum temperature was the primary predictor of C4

Table 1. Binomial logistic regression model selection results of proportional C4 richness for Poaceae, Cyperaceae, Chenopodiaceae, and Euphorbiaceae.

Family Model QAIC ΔQAIC R2

Poaceae Jan. Max + Jan. Precip + sand + Tree Cover 448.1 0.00 0.67

Jan. Max + Jan. Precip + sand + Tree Cover+AWC 448.4 0.26 0.67

Jan. Max + Jan. Precip + sand + Tree Cover+pH 450.0 1.85 0.67

Cyperaceae Collatz + pH + Tree Cover� 100.4 0.00 0.70

Collatz + pH + Tree Cover + clay 101.1 0.71 0.70

Collatz + pH + Tree Cover + sand 101.4 1.01 0.70

Collatz + pH + Tree Cover + Jan. Precip 102.3 1.91 0.70

Chenopodiaceae Jan. precip + sand� 484.5 0.00 0.09

Jan. precip + sand + AWC 486.3 1.78 0.09

Jan. precip + sand + MAT 486.3 1.81 0.09

Jan. precip + sand + pH 486.5 1.95 0.09

Jan. precip + sand + Jan. Min. 486.5 1.96 0.09

Jan. precip + sand + SWA 486.5 1.97 0.09

Jan. precip + sand + Jan.Max 486.5 1.98 0.09

Jan. precip + sand + Tree Cover 486.5 1.98 0.09

Jan. precip + sand + Collatz 486.5 2.00 0.09

Euphorbiaceae AWC + MAP+ SWA 181.2 0.00 0.19

AWC+MAP+Jan. Min. 119.3 0.00 0.18

AWC + MAP+MAT 120.2 0.93 0.18

AWC + MAP+Collatz 120.4 1.13 0.17

AWC + MAP+Jan. Min.+pH 120.5 1.27 0.19

AWC + MAP+pH 120.6 1.39 0.16

AWC + MAP+MAT+pH 120.9 1.61 0.19

AWC + MAP+Jan. Max. +SWA 121.0 1.76 0.19

AWC + MAP+clay+Jan. Min. +pH 121.1 1.80 0.19

AWC + MAP+clay+SWA 121.2 1.95 0.19

AWC + MAP 121.2 1.96 0.15

AWC + MAP+sand+SWA 121.3 1.99 0.19

Models were ranked using QAIC values, ΔQAIC is the difference between the model’s QAIC and the lowest QAIC of the candidate set. Only models with a ΔQAIC <2

are shown. The best fit models are marked by an asterisk (�). R2 is the McFadden’s R2 value of each model. Spatial autocovariate terms were included as fixed covariates

in the Poaceae and Chenopodiaceae models. Predictor variables are mean annual temperature (MAT), mean annual precipitation (MAP), mean January minimum

temperature (Jan. Min), mean January maximum temperature (Jan. Min), January precipitation (Jan. Precip), mean annual aridity index (Aridity), season water

availability (SWA), mean annual proportion of C4 favoured months (Collatz) soil sand and clay content (%, sand, clay), pH, and available water capacity (AWC).

https://doi.org/10.1371/journal.pone.0271603.t001
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Cyperaceae cover trends, followed by % tree cover (S2 Table). The proportional C4 Cyperaceae

cover model predicted that below 20˚C January minimum temperature, C3 Cyperaceae domi-

nated survey plots (>80% cover), while at plots with January minimum temperatures above

23˚C, C4 Cyperaceae dominated (>80% cover). Temperatures between 20˚C and 23˚C sup-

ported mixed C4/C3 Cyperaceae plots. There was a positive correlation between proportional

C4 Cyperaceae richness and cover (Spearman’s rank correlation, ρ = 0.99, P<0.05; S2 File).

Chenopodiaceae

Mean proportional C4 Chenopodiaceae richness was 15.8% (± 22.1) and mean proportional

C4 Chenopodiaceae richness was cover was 19.0% (± 29.5). Proportional C4 Chenopodiaceae

richness and cover was generally low (Figs 6 and 7). Plots that included Chenopodiaceae com-

monly contained a mix of C3 and C4 species. January precipitation and sand (%) were included

in the best fit model to predict proportional C4 Chenopodiaceae richness (Table 1; Fig 6) but

the model had low explanatory power and poor model fit. Lower sand content and January

precipitation were weakly correlated with higher proportional C4 Chenopodiaceae richness

(S2 Table). Mean January maximum temperature, tree cover, pH, and sand (%) were included

in the best fit model to predict proportional C4 Chenopodiaceae cover (Table 2; Fig 7). How-

ever, examination of partial model residuals and R2 values indicates that even the best fit

model performed poorly and had little explanatory power. Increased proportional C4 Cheno-

podiaceae cover was only weakly associated with decreasing tree cover, lower soil pH and sand

content (S2 Table). There was a positive correlation between proportional C4 Chenopodiaceae

richness and cover (Spearman’s rank correlation, ρ = 0.92, P<0.05; S2 File).

Euphorbiaceae

Mean proportional C4 Euphorbiaceae richness was 69.1% (± 44.8%) and mean proportional

C4 Euphorbiaceae cover was 68.5% (± 45.3). The total number of Euphorbiaceae species per

Table 2. Logistic regression model results of proportional C4 cover for Poaceae, Cyperaceae, Chenopodiaceae, and Euphorbiaceae.

Family Model QAIC ΔQAIC R2

Poaceae AWC + Jan. Max + Jan. Precip + Tree cover� 483.8 0.0 0.68

Jan. Max + Jan. Precip + Tree cover 484.7 0.9 0.68

AWC+ Jan. Max + Jan. Precip + Tree cover+sand 484.9 1.1 0.68

AWC+Jan. Max + Jan. Precip + Tree cover+MAP 485.1 1.3 0.68

AWC+Jan. Max + Jan. Precip + Tree cover + pH 485.2 1.3 0.68

AWC+MAT+ Jan. Max + Jan. Precip + Tree cover 485.6 1.7 0.68

AWC+Aridity + Jan. Max + Jan. Precip + Tree cover 485.7 1.8 0.68

AWC+clay+ Jan. Max + Jan. Precip + Tree cover 485.7 1.9 0.68

Cyperaceae Jan. Min. + pH + Tree Cover+ Jan. Precip� 210.4 0.00 0.85

Jan. Min. + pH + Tree Cover+ Jan. Precip+sand 211.9 1.5 0.85

Chenopodiaceae Jan. Max + pH + sand + Tree cover� 322.0 0.00 0.15

pH + sand + Tree cover 322.6 0.58 0.14

Euphorbiaceae AWC + Aridity + Jan. Max + sand+ SWA 181.2 0.00 0.55

Models were ranked using QAIC values, ΔQAIC is the difference between the model’s QAIC and the lowest QAIC of the candidate set. Only models with a ΔQAIC <2

are shown. The best fit models are marked by an asterisk (�). R2 is the McFadden’s R2 value of each model. Spatial autocovariate terms were included as fixed covariates

in the Poaceae and Chenopodiaceae models. Predictor variables are mean annual temperature (MAT), mean annual precipitation (MAP), mean January minimum

temperature (Jan. Min), mean January maximum temperature (Jan. Min), January precipitation (Jan. Precip), mean annual aridity index (Aridity), season water

availability (SWA), mean annual proportion of C4 favoured months (Collatz) soil sand and clay content (%, sand, clay), pH, and available water capacity (AWC).

https://doi.org/10.1371/journal.pone.0271603.t002
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plot was low (� 2), and they accounted for a small amount of the total vegetation cover at each

plot (<1–20%). MAP, SWA, and AWC were included in the best fit model to predict propor-

tional C4 Euphorbiaceae richness (Table 1). Proportional C4 Euphorbiaceae richness was nega-

tively correlated with MAP, SWA and AWC (Fig 8), however the model fit and explanatory

power of the C4 Euphorbiaceae richness logistic regression was relatively poor. SWA, sand

(%), aridity, mean January maximum temperature, and AWC were included in the best fit

model to predict proportional C4 Euphorbiaceae cover. Increased January maximum tempera-

ture, higher aridity index values (i.e. wetter conditions), higher AWC, and high soil sand con-

tent (%) were negatively correlated with proportional C4 Euphorbiaceae cover (Fig 9), while

increased SWA was positively correlated with proportional C4 Euphorbiaceae cover. Leave-

one-out QAIC comparisons indicated aridity and SWA were the most important predictors of

proportional C4 Euphorbiaceae cover (S2 Table). There was a positive correlation between

proportional C4 Euphorbiaceae richness and cover (Spearman’s rank correlation, ρ = 0.99,

P<0.05; S2 File).

Discussion

Our analysis of proportional C4 richness and cover revealed different families exhibit divergent

responses to both climate and local environmental conditions. Although temperature was a

key driver of proportional C4 monocot distribution, local environmental factors also had sig-

nificant modifying effects on C4 richness and cover. Eudicot families displayed unique and

sometimes contrasting C4 distribution patterns. While proportional C4 cover and richness in

families such as Aizoaceae and Portulacaceae increased with latitude, suggesting there was a

strong relationship with C4 in these families and temperature, climate had a limited apparent

Fig 4. Binomial logistic regressions of proportional C4 Cyperaceae richness. Grey points are partial residuals, blue

lines and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and rugs

were drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the plot).

For each plot (A-C), independent variables not depicted on the x-axis were held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g004
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influence on proportional C4 Chenopodiaceae distribution. Cumulatively, our work demon-

strates different C4 lineages will display diverse responses to climate, as well as local environ-

mental variation, and that climate patterns alone cannot explain trends in C4 distribution.

Proportional C4 Poaceae cover and richness increased with increases in January maximum

temperatures and summer rainfall. Our results are congruent with other studies from Australia

and around the world which have similarly concluded summer temperatures are strongly cor-

related with absolute and proportional C4 grass cover and richness [18,33,35,52–54]. Our

results are also consistent with von Fischer, Tieszen [18], who also found summer rainfall had

Fig 5. Binomial logistic regressions of proportional C4 Cyperaceae cover. Grey points are partial residuals, blue

lines and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and rugs

were drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the plot).

For each plot (A-D), independent variables not depicted on the x-axis were held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g005

Fig 6. Binomial logistic regressions of proportional C4 Chenopodiaceae richness. Grey points are partial residuals,

blue lines and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and

rugs were drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the

plot). For each plot, independent variables not depicted on the x-axis were held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g006
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a significant relationship with North American C4 biomass. Angelo and Daehler [54] also

found precipitation had a weak but significant relationship with C4 grass cover along tropical

elevation gradients in Hawaii. Interestingly, the adaptation of the Collatz, Berry [11] crossover

approach was not the best model to explain C4 distribution in Poaceae. More importantly, it

was difficult to apply the crossover approach consistently across Australia. Dry regions of Aus-

tralia often receive less than the 25 mm of precipitation per month needed to assign plots a C3

or C4-dominate status. As a result, for large areas of Australia, a traditional crossover approach

was not feasible. This demonstrates the inherent limitations of the crossover method in Aus-

tralia. For these reasons, we argue this metric should be avoided when predicting C4 grass dis-

tribution in Australia, and in other highly arid regions.

Regression analysis also indicated that proportional C4 grass richness and cover was influ-

enced by local environmental factors. Increased tree cover had a negative effect on propor-

tional C4 Poaceae cover and richness, which may reflect the increased difficulty for all C4

plants to grow under shade [28,42,55–57]. Although regression analysis also indicated AWC

was an important predictor of proportional C4 Poaceae cover, the overall impact of AWC is

questionable and should be interpreted with caution given the poor fit of the data and the fact

that its removal from the best fit model had a limited impact on R2 or QAIC values. It is possi-

ble that AWC, soil texture (i.e. sand content), and tree cover are acting as useful indicators of

local water availability (where increased tree cover is typically associated with greater moisture

availability and rainfall). Local water availability can have a substantial effect on C3:C4 compet-

itive dynamics. Increased moisture availability, particularly in warm mesic habitats, may miti-

gate the benefits of increased water-use efficiency in C4 species [5] and provide C3 grasses with

a competitive advantage, ultimately supporting species co-existence [26]. However, capturing

the nuanced influence of these local factors requires further study at a finer scale.

Fig 7. Binomial logistic regressions of proportional C4 Chenopodiaceae cover. Grey points are partial residuals,

blue lines and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and

rugs were drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the

plot). For each plot (A-D), independent variables not depicted on the x-axis were held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g007

PLOS ONE Plant families exhibit unique geographic trends in C4 richness and cover

PLOS ONE | https://doi.org/10.1371/journal.pone.0271603 August 22, 2022 13 / 21

https://doi.org/10.1371/journal.pone.0271603.g007
https://doi.org/10.1371/journal.pone.0271603


Like Poaceae, C4 Cyperaceae cover was correlated with increases in summer temperatures

and C4 growing season length. However, C4 Cyperaceae had a more restricted temperature

range than C4 Poaceae, indicating C4 Poaceae can occupy relatively cooler climates. These

results are consistent with Stock, Chuba [58], who found the transitional temperatures of pro-

portional C4 Poaceae and Cyperaceae richness in South Africa were 23˚C and 34˚C, respec-

tively. Our models provided limited evidence of a strong relationship between proportional C4

Cyperaceae cover or richness and rainfall. Similar to Poaceae, proportional C4 Cyperaceae

cover increase slightly as January precipitation increased, but the overall effect was minor, and

precipitation had no apparent influence on proportional C4 Cyperaceae richness. Previous

work examining Cyperaceae occurrence in other countries has also found temperature is the

strongest driver of proportional C4 Cyperaceae richness, with moisture availability having little

impact [22,24,58,59]. The absence of moisture-C4 Cyperaceae richness correlations has been

attributed to the large number of Cyperaceae that prefer wet habitats [23,24]. Our work sup-

ports the hypothesis that precipitation has a more limited impact on the relative occurrence of

C4 sedges as compared to temperature.

The significant influence of pH on proportional C4 Cyperaceae richness and cover could

suggest soil biochemistry plays a role in C3:C4 sedge dynamics. Alkaline soils are less soluble

than acidic soils, which can limit nutrient availability [60,61]. The relative impact of alkaline-

stress on C4 and C3 plants has not been widely explored. However, C4 plants are considered

more resistant to stress and thus may be more tolerant of alkaline soils [5,62,63]. pH is often

correlated with other important conditions including salinity and soil fertility, thus this trend

may reflect several interacting factors not explicitly considered here [29,63,64]. Although the

Fig 8. Binomial logistic regressions of proportional C4 Euphorbiaceae richness. Grey points are partial residuals,

blue lines and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and

rugs were drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the

plot). For each plot, independent variables not depicted on the x-axis were held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g008
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causal relationship between these factors remains unclear, our results suggest that local factors

modify C4 sedge abundance and richness and should be explored more deeply in future work.

Large-scale evaluations of C4 eudicot richness and cover are uncommon. Our results show

several C4 eudicot lineages, chiefly Aizoaceae, Amaranthaceae, and Portulacaceae, follow

expected geographical trends, where proportional C4 richness and cover increase from South

to North, potentially in response to increasing temperatures and summer rainfall. However,

other eudicot families, such as Asteraceae and Cleomaceae, did not display any clear latitudinal

trends, suggesting C4 cover in these families is not driven by climate variables, but more likely

by local environmental factors.

Despite reports of correlation with aridity in other regions [22,24,51,65], none of the cli-

mate or local environmental variables we considered were strongly correlated with propor-

tional C4 Chenopodiaceae richness or cover. A potentially critical factor we were unable to

consider due to lack of data was soil salinity. The evolution of C4 photosynthesis has long been

Fig 9. Binomial logistic regressions of proportional C4 Euphorbiaceae cover. Grey points are partial residuals, blue

lines and shaded bands are predicted outcomes of the regression and 95% confidence intervals respectively, and rugs

were drawn to indicate observations with positive residuals (top of the plot) or negative residuals (bottom of the plot).

For each plot, independent variables not depicted on the x-axis were held constant at their median value.

https://doi.org/10.1371/journal.pone.0271603.g009
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considered a pre-adaption to arid and saline habitats [1,66,67], although additional work indi-

cates adaptations to saline soils may have actually promoted C4 evolution in Chenopodiaceae

[68]. As a result, salinity may be a key controlling factor of the distribution patterns of all C4

species in Australia [69]. Additional local factors such as soil nutrient content and salinity

should be incorporated in future studies of C4 eudicot distribution where possible. Moreover,

while plot location selection procedures were designed to reduce anthropogenic influences on

native richness and cover estimates, the C3/C4 patterns reported here are not necessarily in

equilibrium. Historical long-term grazing has led to substantial changes in species composi-

tion in some areas. For example, chenopods have been lost from large areas of Australia due to

overgrazing [70]. Therefore, the environmental trends in C3/C4 richness and cover observed

in this study, or lack thereof in the case of chenopods, may be a partial reflection of human

influences on the landscape.

Increased rainfall and moisture availability were negatively correlated with proportional C4

Euphorbiaceae cover and richness, suggesting C4 Euphorbiaceae were more prevalent in

dryer, although not necessarily hotter, conditions. This may explain why we did not detect a

clear latitudinal trend in proportional C4 Euphorbiaceae cover and richness, as compared to

monocot and some other eudicot taxa. Rainfall seasonality also appeared important, where

plots with proportionally high C4 Euphorbiaceae cover and richness were only found in areas

with greater than 50% SWA. Similar to our findings, Stowe and Teeri [65] found summer pan

evaporation was most closely associated with North American C4 Euphorbiaceae distribution.

In Egypt, C4 Euphorbia also occurred mainly in arid environments [71]. As ours is one of the

few studies to examine C4 Euphorbiaceae dynamics at a large scale, these results are useful in

understanding what factors control their distribution, not only in Australia, but globally. How-

ever, because Euphorbiaceae were less common in TERN plots compared to the other primary

taxa investigated here, these results should be interpreted carefully and warrant further

investigation.

Plots containing Poaceae and Cyperaceae exhibited a rapid transition from C3 to C4 domi-

nated plots, with few plots containing a mix of both pathways. The bimodal distributions

observed here may reflect the relatively rapid geographic transition in temperature and sum-

mer to winter dominated rainfall in Australia, leaving a limited habitat range where both spe-

cies can survive. This finding has significant implications, since the geographic location of this

narrow threshold may be highly sensitive to climate change [35]. Griffith, Anderson [28] also

noted this bimodal trend in C3 and C4 grass distribution in North America, and suggested

these extremes were maintained by local disturbance, mainly fire, which can support dominant

relationships of one group over the other. Fire-prone environments may favour increased C4

grass cover in Australia [72,73] however, we were unable to test for this possibility in this study

due to lack of data. Anecdotal observations by ground observers at some temperate TERN

plots that experience regular burning have noted greater C4 cover compared to undisturbed

areas, but a more precise fire history for these areas is needed to validate these observations.

The proportional cover and richness of C4 species are rarely simultaneously evaluated,

although C4 grass presence and richness is commonly used to validate C4 cover at large scales

[7,11,19,35]. Proportional C4 richness and cover were positively correlated in each family, sug-

gesting richness can be used to broadly support cover estimates. However, the strength of

these correlations was largely driven by the bimodal distribution in some families. There was

still considerable variance between proportional C4 Poaceae and Chenopodiaceae richness and

cover at mixed C3/C4 plots. Although our analysis was only designed to explore the influence

of different factors, our work nonetheless indicated our ability to predict proportional C4

monocot richness is more accurate compared to proportional C4 monocot cover. These find-

ings suggest the disproportionate relationship between C4 cover and richness is due to
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differences in the ability of species to occupy versus dominate an area. For example, given both

proportional C4 Poaceae richness and cover were predominantly influenced by January maxi-

mum temperature, differences in model fit are likely determined by the modifying effects of

water availability and other local environmental factors. Overall, our results demonstrate that

C4 cover and richness provide unique assessments of species distribution and responses to the

environment and thus should be measured together whenever possible.

This study is the first to compare the influence of both climate and local ecology on C4

grass, sedge, and eudicot cover and richness at a continental scale in Australia. Our results

make clear that broadscale as well as localised environmental factors have divergent impacts

on C4 taxa. While monocot lineages generally followed expected temperature-driven trends,

there was considerable variability among eudicots families. Quantifying these differences is

critical to predicting C4 cover under different environmental scenarios, or estimating plant

resilience to small-scale perturbations. Future work can leverage the TERN datasets presented

here to investigate more fine-scale taxonomic patterns, such as the influence of C4 subtype on

species distribution and their relationship to climate [74,75]. Moreover, as TERN continues to

expand its plot network and range of local environmental data, it may soon be possible to

investigate the influence of fire salinity on C4 at both local and national scales.

Supporting information

S1 Table. Total number of species recorded in TERN survey plots in each photosynthetic

pathway belonging to families with C4 species.

(DOCX)

S2 Table. Binomial logistic regression model results of proportional C4 cover and richness

analysis, and results of leave-one-out comparisons of the best fit models to predict propor-

tional C4 cover and richness.

(DOCX)

S1 Data. Proportional C4 richness and cover at each TERN plot for all 14 families in which

C4 species were identified.

(XLSX)

S1 File. Maps of proportional C4 cover and richness at TERN Monitoring plots for addi-

tional 10 families in which C4 species were identified.

(DOCX)

S2 File. Proportional C4 richness versus cover.

(DOCX)

Acknowledgments

We acknowledge the TERN Ecosystem Surveillance field team and the support of TERN by

the Australian government through the National Collaborative Research Infrastructure Strat-

egy. We thank Tom Saleeba and David Summers for their coding and statistical analysis

advice.

Author Contributions

Conceptualization: Samantha E. M. Munroe, Francesca A. McInerney, Greg R. Guerin, Jake

W. Andrae, Ben Sparrow.

PLOS ONE Plant families exhibit unique geographic trends in C4 richness and cover

PLOS ONE | https://doi.org/10.1371/journal.pone.0271603 August 22, 2022 17 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271603.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271603.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271603.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271603.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0271603.s005
https://doi.org/10.1371/journal.pone.0271603


Data curation: Samantha E. M. Munroe, Greg R. Guerin, Jake W. Andrae, Stefan Caddy-Reta-

lic, Rachel Atkins, Ben Sparrow.

Formal analysis: Samantha E. M. Munroe, Greg R. Guerin, Nina Welti, Stefan Caddy-Retalic,

Rachel Atkins.

Funding acquisition: Samantha E. M. Munroe, Ben Sparrow.

Investigation: Samantha E. M. Munroe.

Methodology: Samantha E. M. Munroe, Francesca A. McInerney, Greg R. Guerin, Jake W.

Andrae, Nina Welti, Ben Sparrow.

Project administration: Samantha E. M. Munroe, Ben Sparrow.

Resources: Samantha E. M. Munroe, Nina Welti, Ben Sparrow.

Supervision: Ben Sparrow.

Visualization: Samantha E. M. Munroe.

Writing – original draft: Samantha E. M. Munroe.

Writing – review & editing: Samantha E. M. Munroe, Francesca A. McInerney, Greg R. Gue-

rin, Jake W. Andrae, Nina Welti, Stefan Caddy-Retalic, Rachel Atkins, Ben Sparrow.

References
1. Sage RF. A portrait of the C4 photosynthetic family on the 50th anniversary of its discovery: species

number, evolutionary lineages, and hall of fame. J Exp Bot. 2016; 68:11–28. https://doi.org/10.1093/jxb/

erx005 PMID: 28110278

2. Ogren WL. Photorespiration: pathways, regulation, and modification. Annu Rev Plant Physiol. 1984;

35:415–42. https://doi.org/10.1146/annurev.pp.35.060184.002215

3. Andrews JT, Lorimer GH. Rubisco: structure, mechanisms, and prospects for improvement. In: Haleh

M, Boardman N, editors. The Biochemistry of Plants: A Comprehensive Treatise. New York: Academic

Press; 1987. p. 132–207.

4. Sage RF, Sage TL, Kocacinar F. Photorespiration and the evolution of C4 photosynthesis. Ann Rev

Plant Biol. 2012; 63:19–47. https://doi.org/10.1146/annurev-arplant-042811-105511 PMID: 22404472

5. Sage RF. The evolution of C4 photosynthesis. New Phytol. 2004; 161:341–70. https://doi.org/10.1111/j.

1469-8137.2004.00974.x PMID: 33873498

6. Kanai R, Edwards GE. The biochemistry of C4 photosynthesis. In: Sage RF, Monson RK, editors. C4

plant biology. Syndey: Academic Press; 1999. p. 49–87.

7. Still CJ, Berry JA, Collatz GJ, DeFries RS. Global distribution of C3 and C4 vegetation: carbon cycle

implications. Global Biogeochem Cy. 2003; 17:1006. https://doi.org/10.1029/2001GB001807

8. Powell RL, Yoo E-H, Still CJ. Vegetation and soil carbon-13 isoscapes for South America: integrating

remote sensing and ecosystem isotope measurements. Ecosphere. 2012; 3:1–25. https://doi.org/10.

1890/ES12-00162.1

9. Griffith DM, Rebecca L Powell, Firmin S, Cotton J, Still CJ. grassmapr, an R package to predict C3/C4

grass distributions and model terrestrial δ13C isoscapes. 2019; Available from https://rdrr.io/github/

rebeccalpowell/grassmapr/man/grassmapr.html.

10. Ehleringer JR. Implications of quantum yield differences on the distributions of C3 and C4 grasses.

Oecologia. 1978; 31:255–67. https://doi.org/10.1007/BF00346246 PMID: 28309737

11. Collatz GJ, Berry JA, Clark JS. Effects of climate and atmospheric CO2 partial pressure on the global

distribution of C4 grasses: present, past, and future. Oecologia. 1998; 114:441–54. https://doi.org/10.

1007/s004420050468 PMID: 28307893

12. Pinto H, Sharwood RE, Tissue DT, Ghannoum O. Photosynthesis of C3, C3–C4, and C4 grasses at gla-

cial CO2. J Exp Bot. 2014; 65:3669–81. https://doi.org/10.1093/jxb/eru155 PMID: 24723409

13. Taylor SH, Aspinwall MJ, Blackman CJ, Choat B, Tissue DT, Ghannoum O. CO2 availability influences

hydraulic function of C3 and C4 grass leaves. J Exp Bot. 2018; 69:2731–41. https://doi.org/10.1093/jxb/

ery095 PMID: 29538702

PLOS ONE Plant families exhibit unique geographic trends in C4 richness and cover

PLOS ONE | https://doi.org/10.1371/journal.pone.0271603 August 22, 2022 18 / 21

https://doi.org/10.1093/jxb/erx005
https://doi.org/10.1093/jxb/erx005
http://www.ncbi.nlm.nih.gov/pubmed/28110278
https://doi.org/10.1146/annurev.pp.35.060184.002215
https://doi.org/10.1146/annurev-arplant-042811-105511
http://www.ncbi.nlm.nih.gov/pubmed/22404472
https://doi.org/10.1111/j.1469-8137.2004.00974.x
https://doi.org/10.1111/j.1469-8137.2004.00974.x
http://www.ncbi.nlm.nih.gov/pubmed/33873498
https://doi.org/10.1029/2001GB001807
https://doi.org/10.1890/ES12-00162.1
https://doi.org/10.1890/ES12-00162.1
https://rdrr.io/github/rebeccalpowell/grassmapr/man/grassmapr.html
https://rdrr.io/github/rebeccalpowell/grassmapr/man/grassmapr.html
https://doi.org/10.1007/BF00346246
http://www.ncbi.nlm.nih.gov/pubmed/28309737
https://doi.org/10.1007/s004420050468
https://doi.org/10.1007/s004420050468
http://www.ncbi.nlm.nih.gov/pubmed/28307893
https://doi.org/10.1093/jxb/eru155
http://www.ncbi.nlm.nih.gov/pubmed/24723409
https://doi.org/10.1093/jxb/ery095
https://doi.org/10.1093/jxb/ery095
http://www.ncbi.nlm.nih.gov/pubmed/29538702
https://doi.org/10.1371/journal.pone.0271603


14. Hasegawa S, Piñeiro J, Ochoa-Hueso R, Haigh AM, Rymer PD, Barnett KL, et al. Elevated CO2 con-

centrations reduce C4 cover and decrease diversity of understorey plant community in a Eucalyptus

woodland. J Ecol. 2018; 106:1483–94. https://doi.org/10.1111/1365-2745.12943

15. Wittmer MHOM, Auerswald K, Bai Y, Schaufele R, Schnyder H. Changes in the abundance of C3/C4

species of Inner Mongolia grassland: evidence from isotopic composition of soil and vegetation. Glob

Chang Biol. 2010; 16:605–16. https://doi.org/10.1111/j.1365-2486.2009.02033.x

16. Ehleringer JR, Cerling TE, Helliker BR. C4 photosynthesis, atmospheric CO2, and climate. Oecologia.

1997; 112:285–99. https://doi.org/10.1007/s004420050311 PMID: 28307475

17. Griffith DM, Cotton JM, Powell RL, Sheldon ND, Still CJ. Multi-century stasis in C3 and C4 grass distribu-

tions across the contiguous United States since the industrial revolution. J Biogeogr. 2017; 44:2564–74.

https://doi.org/10.1111/jbi.13061

18. von Fischer JC, Tieszen LL, Schimel DS. Climate controls on C3 vs. C4 productivity in North American

grasslands from carbon isotope composition of soil organic matter. 2008; 14:1141–55. https://doi.org/

10.1111/j.1365-2486.2008.01552.x

19. Winslow JC, Hunt ER Jr, Piper SC. The influence of seasonal water availability on global C3 versus C4

grassland biomass and its implications for climate change research. Ecol Model. 2003; 163:153–73.

https://doi.org/10.1016/S0304-3800(02)00415-5

20. Epstein HE, Gill RA, Paruelo JM, Lauenroth WK, Jia GJ, Burke IC. The relative abundance of three

plant functional types in temperate grasslands and shrublands of North and South America: effects of

projected climate change. J Biogeogr. 2002; 29:875–88. https://doi.org/10.1046/j.1365-2699.2002.

00701.x

21. Paruelo JM, Lauenroth W. Relative abundance of plant functional types in grasslands and shrublands

of North America. Ecol Appl. 1996; 6:1212–24. https://doi.org/10.2307/2269602

22. Pyankov VI, Ziegler H, Akhani H, Deigele C, Luettge U. European plants with C4 photosynthesis: geo-

graphical and taxonomic distribution and relations to climate parameters. Bot J Linn Soc. 2010;

163:283–304. https://doi.org/10.1111/j.1095-8339.2010.01062.x

23. Ueno O, Takeda T. Photosynthesis pathways, ecological characteristics, and the geographical distribu-

tion of the Cyperaceae in Japan. Oecologia. 1992; 89:195–203. https://doi.org/10.1007/BF00317218

PMID: 28312873

24. Wang R, Ma L. Climate-driven C4 plant distributions in China: divergence in C4 taxa. Sci Rep. 2016;

6:27977. https://doi.org/10.1038/srep27977 PMID: 27302686

25. Niu S, Liu W, Wan S. Different growth responses of C3 and C4 grasses to seasonal water and nitrogen

regimes and competition in a pot experiment. J Exp Bot. 2008; 59:1431–9. https://doi.org/10.1093/jxb/

ern051 PMID: 18356144

26. Nippert JB, Knapp AK. Soil water partitioning contributes to species coexistence in tallgrass prairie.

Oikos. 2007; 116:1017–29. https://doi.org/10.1111/j.0030-1299.2007.15630.x

27. Wang K, Zhong S, Sun W. Clipping defoliation and nitrogen addition shift competition between a C3

grass (Leymus chinensis) and a C4 grass (Hemarthria altissima). Plant Biol. 2020; 22:221–32. https://

doi.org/10.1111/plb.13064 PMID: 31671249

28. Griffith DM, Anderson TM, Osborne CP, Strömberg CA, Forrestel EJ, Still CJ. Biogeographically distinct

controls on C3 and C4 grass distributions: merging community and physiological ecology. Glob Ecol Bio-

geogr. 2015; 24:304–13. https://doi.org/10.1111/geb.12265

29. Reich PB, Hobbie SE, Lee TD, Pastore MA. Unexpected reversal of C3 versus C4 grass response to

elevated CO2 during a 20-year field experiment. Science. 2018; 360:317–20. https://doi.org/10.1126/

science.aas9313 PMID: 29674593

30. Vogel J. Variability of carbon isotope fractionation. In: Ehleringer J, Hall A, Farquhar G, editors. Stable

isotopes and plant carbon-water relations. Tokyo: Academic Press, Inc.; 1993. p. 26–46.

31. Farquhar GD, Ehleringer JR, Hubick KT. Carbon isotope discrimination and photosynthesis. Annu Rev

Plant Biol. 1989; 40:503–37.

32. Murphy BP, Bowman DM. Seasonal water availability predicts the relative abundance of C3 and C4

grasses in Australia. Glob Ecol Biogeogr. 2007; 16:160–9. https://doi.org/10.1111/j.1466-8238.2006.

00285.x

33. Hattersley P. The distribution of C3 and C4 grasses in Australia in relation to climate. Oecologia. 1983;

57:113–28. https://doi.org/10.1007/BF00379569 PMID: 28310164

34. Takeda T, Ueno O, Samejima M, Ohtani T. An investigation for the occurrence of C4 photosynthesis in

the Cyperaceae from Australia. Shokubutsugaku zasshi. 1985; 98:393–411. https://doi.org/10.1007/

BF02488504

PLOS ONE Plant families exhibit unique geographic trends in C4 richness and cover

PLOS ONE | https://doi.org/10.1371/journal.pone.0271603 August 22, 2022 19 / 21

https://doi.org/10.1111/1365-2745.12943
https://doi.org/10.1111/j.1365-2486.2009.02033.x
https://doi.org/10.1007/s004420050311
http://www.ncbi.nlm.nih.gov/pubmed/28307475
https://doi.org/10.1111/jbi.13061
https://doi.org/10.1111/j.1365-2486.2008.01552.x
https://doi.org/10.1111/j.1365-2486.2008.01552.x
https://doi.org/10.1016/S0304-3800%2802%2900415-5
https://doi.org/10.1046/j.1365-2699.2002.00701.x
https://doi.org/10.1046/j.1365-2699.2002.00701.x
https://doi.org/10.2307/2269602
https://doi.org/10.1111/j.1095-8339.2010.01062.x
https://doi.org/10.1007/BF00317218
http://www.ncbi.nlm.nih.gov/pubmed/28312873
https://doi.org/10.1038/srep27977
http://www.ncbi.nlm.nih.gov/pubmed/27302686
https://doi.org/10.1093/jxb/ern051
https://doi.org/10.1093/jxb/ern051
http://www.ncbi.nlm.nih.gov/pubmed/18356144
https://doi.org/10.1111/j.0030-1299.2007.15630.x
https://doi.org/10.1111/plb.13064
https://doi.org/10.1111/plb.13064
http://www.ncbi.nlm.nih.gov/pubmed/31671249
https://doi.org/10.1111/geb.12265
https://doi.org/10.1126/science.aas9313
https://doi.org/10.1126/science.aas9313
http://www.ncbi.nlm.nih.gov/pubmed/29674593
https://doi.org/10.1111/j.1466-8238.2006.00285.x
https://doi.org/10.1111/j.1466-8238.2006.00285.x
https://doi.org/10.1007/BF00379569
http://www.ncbi.nlm.nih.gov/pubmed/28310164
https://doi.org/10.1007/BF02488504
https://doi.org/10.1007/BF02488504
https://doi.org/10.1371/journal.pone.0271603


35. Xie Q, Huete A, Hall CC, Medlyn BE, Power SA, Davies JM, et al. Satellite-observed shifts in C3/C4

abundance in Australian grasslands are associated with rainfall patterns. Remote Sens Environ. 2022;

273:112983. https://doi.org/10.1016/j.rse.2022.112983

36. White A, Sparrow B, Leitch E, Foulkes J, Flitton R, Lowe AJ, et al. AUSPLOTS rangelands survey proto-

cols manual. Adelaide: The University of Adelaide Press; 2012.

37. Sparrow BD, Foulkes JN, Wardle GM, Leitch EJ, Caddy-Retalic S, van Leeuwen SJ, et al. A vegetation

and soil survey method for surveillance monitoring of rangeland environments. Front Ecol Evol. 2020; 8.

https://doi.org/10.3389/fevo.2020.00157

38. Team RC. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for

Statistical Computing; 2019.

39. Guerin GR, Saleeba T, Munroe S, Blanco-Martin B, Martı́n-Forés I, Tokmakoff A. ausplotsR: TERN

AusPlots analysis package. R Package version 1.2 ed2020.

40. Munroe S, Guerin G, Saleeba T, Martı́n-Forés I, Blanco-Martin B, Sparrow B, et al. ausplotsR: An R

package for rapid extraction and analysis of vegetation and soil data collected by Australia’s Terrestrial

Ecosystem Research Network. J Veg Sci. 2021; 32:e13046. https://doi.org/10.1111/jvs.13046

41. Munroe SEM, McInerney FA, Andrae J, Welti N, Guerin GR, Leitch E, et al. The photosynthetic path-

ways of plant species surveyed in Australia’s national terrestrial monitoring network. Sci Data. 2021;

8:97. https://doi.org/10.1038/s41597-021-00877-z PMID: 33795698

42. Pau S, Edwards EJ, Still CJ. Improving our understanding of environmental controls on the distribution

of C3 and C4 grasses. Global Chang Biol. 2013; 19:184–96. https://doi.org/10.1111/gcb.12037 PMID:

23504730

43. Harwood T, Donohue R, Harman I, McVicar T, Ota N, Perry J, et al. 9s climatology for continental Aus-

tralia 1976–2005: Summary variables with elevation and radiative adjustment. v1 ed2016.

44. Viscarra Rossel R, Chen C, Grundy M, Searle R, Clifford D, Odgers N, et al. Soil and Landscape Grid

National Soil Attribute Maps (3" resolution). In: CSIRO, editor. Release 1. v3 ed2014.

45. Douma JC, Weedon JT. Analysing continuous proportions in ecology and evolution: A practical intro-

duction to beta and Dirichlet regression. Method Ecol Evo. 2019; 10:1412–30. https://doi.org/10.1111/

2041-210X.13234

46. Dormann CF, Elith J, Bacher S, Buchmann C, Carl G, Carré G, et al. Collinearity: a review of methods

to deal with it and a simulation study evaluating their performance. Ecography. 2013; 36:27–46. https://

doi.org/10.1111/j.1600-0587.2012.07348.x

47. Matthews JL, Diawara N, Waller LA. Quantifying Spatio-Temporal Characteristics via Moran’s Statis-

tics. In: Diawara N, editor. Modern Statistical Methods for Spatial and Multivariate Data. Cham:

Springer International Publishing; 2019. p. 163–77.

48. Bivand RS, Pebesma EJ, Gomez-Rubio V, Pebesma EJ. Applied spatial data analysis with R. New

York, N.Y: Springer Science; 2008.

49. McFadden D. Quantitative methods for analyzing travel behaviour of individuals: Some recent develop-

ments (Cowles Foundation Discussion Papers No. 474). Cowles Foundation for Research in Econom-

ics; New Haven, CT: Yale University; 1977.

50. Breheny P, Burchett W, Breheny MP. R package ‘visreg’. 2020.

51. Pyankov VI, Gunin PD, Tsoog S, Black CC. C4 plants in the vegetation of Mongolia: their natural occur-

rence and geographical distribution in relation to climate. Oecologia. 2000; 123:15–31. https://doi.org/

10.1007/s004420050985 PMID: 28308740

52. Cabido M, Pons E, Cantero JJ, Lewis JP, Anton A. Photosynthetic pathway variation among C4 grasses

along a precipitation gradient in Argentina. J Biogeogr. 2008; 35:131–40. https://doi.org/10.1111/j.

1365-2699.2007.01760.x

53. Wan CSM, Sage RF. Climate and the distribution of C4 grasses along the Atlantic and Pacific coasts of

North America. Can J Bot. 2001; 79:474–86. https://doi.org/10.1139/b01-026

54. Angelo CL, Daehler CC. Temperature is the major driver of distribution patterns for C4 and C3 BEP

grasses along tropical elevation gradients in Hawai‘i, and comparison with worldwide patterns. Botany.

2014; 93:9–22. https://doi.org/10.1139/cjb-2014-0075

55. Peterson DW, Reich PB, Wrage KJ. Plant functional group responses to fire frequency and tree canopy

cover gradients in oak savannas and woodlands. J Veg Sci. 2007; 18:3–12. https://doi.org/10.1111/j.

1654-1103.2007.tb02510.x

56. Awada T, Perry MEL, Schacht WH. Photosynthetic and growth responses of the C3 Bromus inermis

and the C4 Andropogon gerardii to tree canopy cover. Can J Plant Sci. 2003; 83:533–40. https://doi.org/

10.4141/P02-129

PLOS ONE Plant families exhibit unique geographic trends in C4 richness and cover

PLOS ONE | https://doi.org/10.1371/journal.pone.0271603 August 22, 2022 20 / 21

https://doi.org/10.1016/j.rse.2022.112983
https://doi.org/10.3389/fevo.2020.00157
https://doi.org/10.1111/jvs.13046
https://doi.org/10.1038/s41597-021-00877-z
http://www.ncbi.nlm.nih.gov/pubmed/33795698
https://doi.org/10.1111/gcb.12037
http://www.ncbi.nlm.nih.gov/pubmed/23504730
https://doi.org/10.1111/2041-210X.13234
https://doi.org/10.1111/2041-210X.13234
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1111/j.1600-0587.2012.07348.x
https://doi.org/10.1007/s004420050985
https://doi.org/10.1007/s004420050985
http://www.ncbi.nlm.nih.gov/pubmed/28308740
https://doi.org/10.1111/j.1365-2699.2007.01760.x
https://doi.org/10.1111/j.1365-2699.2007.01760.x
https://doi.org/10.1139/b01-026
https://doi.org/10.1139/cjb-2014-0075
https://doi.org/10.1111/j.1654-1103.2007.tb02510.x
https://doi.org/10.1111/j.1654-1103.2007.tb02510.x
https://doi.org/10.4141/P02-129
https://doi.org/10.4141/P02-129
https://doi.org/10.1371/journal.pone.0271603


57. Sage RF. Stopping the leaks: new insights into C4 photosynthesis at low light. Plant Cell Environ. 2014;

37:1037–41. https://doi.org/10.1111/pce.12246 PMID: 24818232

58. Stock W, Chuba D, Verboom G. Distribution of South African C3 and C4 species of Cyperaceae in rela-

tion to climate and phylogeny. Austral Ecol. 2004; 29:313–9. https://doi.org/10.1111/j.1442-9993.2004.

01368.x
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