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Abstract 24 

 25 

The photosynthetic pathway of plants is a fundamental trait that influences terrestrial 26 

environments from the local to global level. The abundance of different photosynthetic 27 

pathways in Australia is expected to undergo a substantial shift due to climate change and 28 

rising atmospheric CO2; however, tracking change is hindered by a lack of data on the 29 

pathways of species, as well as their distribution and relative cover within plant communities. 30 

Here we present the photosynthetic pathways for 2428 species recorded across 541 plots 31 

surveyed by Australia’s Terrestrial Ecosystem Research Network (TERN) between 2011 and 32 

2017. This dataset was created to facilitate research exploring trends in vegetation change 33 

across Australia. Species were assigned a photosynthetic pathway using published literature 34 

and stable carbon isotope analysis of bulk tissue. The photosynthetic pathway of species can 35 

be extracted from the dataset individually, or used in conjunction with vegetation surveys to 36 

study the occurrence and abundance of pathways across the continent. This dataset will be 37 

updated as TERN’s plot network expands and new information becomes available.  38 

  39 
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Background & Summary 40 

 41 

The photosynthetic pathway of plants has a substantial impact on species productivity, 42 

abundance, and geographic distribution1-3. There are three primary photosynthetic pathways. 43 

C3 photosynthesis is the most common pathway. Plants that use this pathway include cool 44 

season grasses, most shrubs, and nearly all trees4,5. C4 plants include warm-season grasses, 45 

many sedges, and some forbs and shrubs6. Finally, Crassulacean acid metabolism (CAM) 46 

plants most commonly include epiphytes and succulents7. C3 plants have no special 47 

adaptations to prevent photorespiration, an energetically expensive process that occurs when 48 

the enzyme rubisco binds with oxygen to produce 2-phosphoglycolate8-10. The rate of 49 

photorespiration increases with increasing temperature11, restricting the photosynthetic 50 

capacity of C3 plants in warm environments. In contrast, C4 and CAM plants possess a series 51 

of biochemical, anatomical, and physiological adaptations that concentrate and isolate CO2 52 

with rubisco, helping to eliminate photorespiration6,12. Consequently, C4 and CAM plants 53 

more easily live in hot or arid habitats3,13. 54 

 55 

Global warming is expected to alter the competitive advantage of plants with different 56 

photosynthetic pathways14-16, changing species distributions and community composition, 57 

and leading to significant bottom-up effects on the structure, diversity and function of 58 

terrestrial communities17-19. Thus, the ecology and evolution of these different pathways has 59 

become a focus of recent botanical research20-22. Australia is an ecologically diverse continent 60 

that includes a wide variety of habitats and climatic zones 23-25, making it an ideal 61 

environment to examine trends in C3, C4 and CAM distribution23,26. However, the 62 

photosynthetic pathway of numerous Australian species has not been assessed, and nationally 63 

systematic, compatible, and comparable vegetation surveys have not been historically 64 
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available. The absence of these fundamental data severely limits national terrestrial research 65 

capacity. 66 

 67 

Here we provide a dataset that lists the photosynthetic pathways of 2428 species found across 68 

Australia. These species were recorded at 541 vegetation survey plots established between 69 

2011 and 2017 (inclusive; Fig. 1). These plots were established by the Terrestrial Ecosystem 70 

Research Network (TERN), Australia’s national terrestrial monitoring organisation. TERN is 71 

a government-funded organisation that observes, records, and measures critical terrestrial 72 

ecosystem parameters and conditions for Australia over time. TERN Ecosystem Surveillance 73 

is one of three major branches within TERN, and is responsible for the nation-wide plot 74 

survey program. At each plot, TERN records vegetation composition and structural 75 

characteristics, and collects a range of soil and plant samples27,28. TERN data and resources 76 

are made freely accessible to scientists around the globe. The photosynthetic pathway dataset 77 

presented here was originally created by TERN to examine the abundance of C4 vegetation in 78 

Australia in different taxa29. Research revealed C4 abundance in different families exhibited 79 

divergent responses to climate and local conditions. Although this original analysis is 80 

complete, this dataset will continue to be curated and updated as TERN increases its network 81 

of survey plots, and as new research investigates the photosynthetic pathways of terrestrial 82 

species.  83 

 84 

 85 
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 86 

 87 

 88 

 89 

Fig. 1 a) Location of TERN Ecosystem Surveillance plots surveyed using the AusPlots Rangelands method from 2011-2017. Areas in green 90 
denote rangeland habitat b) number (n) and proportion (%) of TERN Ecosystem Surveillance plots grouped by vegetation type. 91 
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Photosynthetic pathways were primarily assigned using peer-reviewed literature. We also 92 

measured the stable carbon isotope (δ13C) values of 540 species that had no recorded 93 

pathway. Tissue samples for δ13C analysis were acquired from plant specimens collected 94 

during TERN plot surveys. Using these techniques, we identified 2048 C3, 346 C4, 17 C3-95 

CAM, and 7 C3-C4, 7 CAM, and 4 C4-CAM species across all plots. C4 species were found in 96 

14 families and 84 genera. Most C4 species were Poaceae (228; 65.8%), followed by 97 

Cyperaceae (38; 10.9%) and Chenopodiaceae (25; 7.2%). CAM and CAM-facultative species 98 

were mainly found in Aizoaceae, Portulacaceae, and Crassulaceae. 14 genera included 99 

multiple photosynthetic pathways, specifically Tetragonia (Aizoaceae), Alternanthera 100 

(Amaranthaceae), Heliotropium (Boraginaceae), Polycarpaea (Caryophyllaceae), Tecticornia 101 

(Chenopodeceae), Cleome (Cleomaceae), Cyperus (Cyperaceae), Euphorbia 102 

(Euphorbiaceae), Aristida, Eragrostis, Neurachne, Panicum (Poaceae), and Tribulus 103 

(Zygophyllaceae). While data can be extracted for individual species, genera, or families, this 104 

dataset was designed to be used in conjunction with other TERN products. For example, 105 

photosynthetic pathway assignments can be directly combined with matching species records 106 

in TERN AusPlots vegetation surveys to obtain data on geographic distribution, growth form, 107 

height and cover. These records can also be combined with other TERN plot data and 108 

products, including climate, soil, and landscape rasters. We expect this dataset will continue 109 

to enable more work examining patterns in plant occurrence, richness, and abundance, and 110 

ecosystem function at local to national scales. 111 

 112 

 113 

 114 

Methods 115 
 116 

The methods used to create this dataset will be presented in the following order: 117 

 118 
1. The TERN plot-based methodologies used to survey and identify plant species, and 119 

preserve plant specimens for stable isotope analysis 120 
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 121 

2. The procedures used to assign species a photosynthetic pathway using peer-reviewed 122 
literature  123 
 124 

3. The procedures used to assign species a photosynthetic pathway using stable carbon 125 
isotope (δ13C) analysis.  126 
 127 
 128 
TERN plot survey protocols, species identification, and sample collection 129 

Plant species were identified at 541 one-hectare plots systemically surveyed by TERN 130 

between 2011 and 2017 (inclusive). Most TERN plots are located within the Australian 131 

rangelands (Fig. 1a). The Australian rangelands encompass 81% of the Australian landmass, 132 

and are characterised by vast spaces with highly weathered features, old and generally 133 

infertile soils30, highly variable rainfall, and diverse and variable plant and animal 134 

communities31. These areas have traditionally been underrepresented in Australian 135 

environmental monitoring programs, which typically focus on more mesic environments and 136 

areas closer to large population centres31. TERN’s AusPlots rangelands method27,28 and 137 

location selection strategy was originally designed to address this underrepresentation by 138 

targeting these environments and developing and implementing survey methods that were 139 

consistent across the whole of the rangelands. Over time the network has expanded to include 140 

sampling in all the major terrestrial environments across the country, including alpine, 141 

heathland, and the subtropical systems of the east coast. The dominant vegetation types 142 

surveyed at the time of this work were woodlands and savannahs, tussock and hummock 143 

grasslands, and shrublands (including chenopod shrublands; Fig. 1b). Climate in TERN plots 144 

varies from monsoonal tropics in the north, arid deserts in the centre, to winter-dominant 145 

rainfall in the south. 146 

 147 

The “AusPlots Rangeland” method27,28 consists of numerous survey modules designed to 148 

collect a wide suite of data on soil and vegetation attributes, as well as site contextual 149 
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information (e.g. erosion, recent fires, etc.). These modules were conceived to provide the 150 

data level necessary to study plant community composition and structure, while also ensuring 151 

consistency in the collection of samples and data on vegetation, land, and soil characteristics. 152 

A complete description of TERN plot survey protocols is detailed in the TERN AusPlots 153 

Rangeland manual27,28. Only the protocols most relevant to plant surveys, identification, and 154 

specimen preservation are documented here. 155 

 156 

TERN survey plots of 1 ha (100 x 100 m) are permanently established sites located in a 157 

homogenous area of terrestrial vegetation (Fig. 2). Plots are usually surveyed only once, with 158 

an intention to revisit once per decade. Plots are surveyed as seasonal conditions permit, with 159 

the aim being to maximise the quality of the plant material collected and facilitate accurate 160 

herbarium identifications. Survey teams consist of between 2- and 6 people. A full 161 

complement of 6 people would include 1 to 2 people performing the vegetation survey 162 

modules, 1 to 2 people performing the soil survey modules, and the remaining team members 163 

undertaking other components of the Ausplots Rangeland method, such as recording site 164 

contextual information. The duration of each survey is variable and dependent on the density 165 

and diversity of the vegetation. Plot selection and orientation avoids major anthropogenic 166 

influences (such as roads, cattle yards, fences, bores, etc.). Ten transects (100 m long) are laid 167 

out within each plot in a grid pattern.  Parallel transects running north to south are spaced 20 168 

meters apart located at 10, 30, 50, 70, and 90 m both north and east from the SW corner (Fig. 169 

2). Each plot is given a unique alphanumeric identifier that indicates the location of the plot, 170 

specifically its state (e.g. WA, SA, NT, etc.) and IBRA 7 (Interim Biogeographic 171 

Regionalisation for Australia) bioregion32, and a sequential number based on the number of 172 

plots in that bioregion. The date of the survey and GPS co-ordinates are also recorded for 173 

each plot. 174 
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 175 

 176 

Fig. 2. TERN Ecosystem Surveillance plot layout. The corners and centre of the plot (blue 177 
dots) are permanently marked with pickets and their locations recorded via GPS. Transects 178 

(dashed-lines, 100 m long) are laid in a grid pattern spaced 20 meters apart28. 179 
 180 

Recording, collection, and identification of vascular flora is undertaken by specially trained 181 

members of the field survey team. One ground observer is tasked to perform line intercept 182 

transects. This ground observer records the species and substrate at each point (1 m) along 183 

each transect, resulting in survey data at 1010 points per plot. These point-intercept data are 184 

collected to calculate species cover (%) and other metrics. A second ground observer is 185 

tasked to collect specimens of each vascular plant species in the plot, with enough material to 186 

fill an A3 size herbarium sheet (Fig. 3a, b). These members of the survey team work together 187 

to ensure the presence of each vascular plant species is recorded and enough specimens are 188 

collected. Each specimen ideally contains flowers or buds, leaves, fruit, and bark (for trees) to 189 

help enable identification. Each specimen is then tagged with a unique alphanumeric voucher 190 
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barcode. All field and voucher data are recorded using a purpose-built app on a tablet to 191 

streamline data and sample collection33. The voucher specimen is ultimately delivered to a 192 

local herbarium for identification.  193 

 194 

 195 

Fig. 3 Collection procedures of vascular flora by TERN Ecosystem Surveillance team. a) 196 

Collection of vascular flora by ground observers, b) voucher specimens are collected with 197 
enough material to fill an A3 size herbarium sheet, pressed, and ultimately sent to local 198 

herbaria for identification, c) subsamples of each voucher specimen are collected from the 199 
main voucher sample to enable stable isotope analysis, the subsample is placed in a gauze 200 

“teabag” and d) then sealed in a plastic container with 1 cm depth of silica granules (Photo 201 
Credit: TERN Ecosystem Surveillance program). 202 
 203 

Subsamples of each voucher specimen are collected from the main voucher sample to enable 204 

stable isotope and molecular analysis (Fig. 3c). These subsamples are ideally free from 205 

disease, insect, or fungal contamination. The subsample is placed in a synthetic gauze 206 

“teabag” and is given its own unique alphanumeric barcode, referred to as the “primary 207 

genetic barcode”, which is linked to the date, plot, state, and voucher specimen from which it 208 
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was collected. This teabag is then sealed in an air-tight, plastic container with 1 cm depth of 209 

silica granules (Fig. 3d). The container is stored in a cool location out of direct light for the 210 

duration of the survey. Upon return from the field, teabags are stored in dark conditions at 211 

room temperature at TERN facilities at the University of Adelaide (Adelaide, Australia). The 212 

silica granules are changed regularly until the samples are dehydrated and then replaced as 213 

necessary to keep the samples dry. 214 

 215 

Photosynthetic pathway assignment  216 

All TERN plant data were processed in the R statistical environment34 using the ‘ausplotsR’ 217 

package35. The ausplotsR package was created by TERN to enable the live extraction, 218 

preparation, visualisation, and analysis of TERN Ecosystem Surveillance monitoring data. A 219 

list of all vascular plant species at each TERN plot was extracted using the get_ausplots 220 

function. This produced an initial list of 4002 unique records. State herbaria identify species 221 

to the lowest possible taxonomic level. Specimens that were only identified to the family or 222 

genus level were excluded from the photosynthetic pathway dataset. Hybrids were also 223 

excluded from the final species list. Varieties and subspecies were assumed to have the same 224 

photosynthetic pathway36, therefore photosynthetic pathways were assigned to the species 225 

(i.e. Genus species) rank. This process of elimination generated a final list of 2613 unique 226 

species.  227 

 228 

To assign each species a photosynthetic pathway, scientific names were first cross-referenced 229 

against well-known plant trait databases including Kattge, et al. 24, Osborne, et al. 36, and 230 

Watson and Dallwitz 37. We then conducted literature searches of the remaining unassigned 231 

species via Google Scholar with combinations of the key words “C3”, “C4”, “CAM”, 232 

“photosynthesis” and “photosynthetic pathway”. We used a total of 38 peer-reviewed sources 233 
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to assign species photosynthetic pathways. If species-specific information was not available, 234 

but the species belonged to a genus known to be exclusively C3, C4 or CAM it was assigned 235 

to that pathway (e.g. Acacia spp., Eucalyptus spp. are presumptive C3). Using these combined 236 

strategies, 1888 species were assigned a photosynthetic pathway. If it was not possible to 237 

assign a photosynthetic pathway using published sources or presumptive reasoning, then that 238 

species was selected for stable carbon isotope analysis.  239 

 240 

The stable carbon isotope values of C3, C4, and CAM plants  241 

The stable carbon isotope values of C3 plants range from -37‰ to -20‰ δ13C (mean= ~-242 

27‰), while the values of C4 plants range from -12‰ to -16‰ δ13C (mean=~-13‰)38,39. 243 

Therefore, for species where either a C3 or C4 pathway was possible (e.g. Poaceae), plants 244 

with δ13C values < -19‰ were designated C3, and plants with δ13C values > -19‰ were 245 

designated C4
26. Full CAM plants, or plants in which CAM is strongly expressed, have 246 

isotope values of > -20‰, and thus can be distinguished from C3 plants using δ13C39,40. 247 

However, CAM photosynthesis almost always co-exists with the C3 pathway (C3-CAM)12. 248 

The isotope values of C3-CAM plants are correlated with the proportion of carbon that is 249 

obtained during light and dark periods. As a result, C3-CAM δ13C values are highly variable 250 

(approximately -13‰ to -27‰) and are dependent upon the species, its developmental stage, 251 

and/or the time of day and conditions during which the plant was sampled40-42. For example, 252 

the CAM pathway is often upregulated during periods of stress, such as drought43,44. 253 

Therefore, although the δ13C of wild plant samples can be used to indicate CAM potential, 254 

stable isotope values are not a reliable way to distinguish CAM and C4, identify CAM when 255 

it is weakly expressed, or a definitive method to discriminate C3 and C3-CAM plants41,42. To 256 

confirm the presence of CAM, additional measures of other physiological and biochemical 257 

variables are usually required45. With this limitation in mind, for genera with previously 258 
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confirmed C3-CAM potential, we followed past authors and tentatively denoted plants with a 259 

δ13C value > −20‰ as CAM, −21‰ to −24‰ as potentially C3+CAM, and plants <−24‰ as 260 

C3
40,45,46. 261 

 262 

Isotope Analysis  263 

540 species were selected for stable isotope analysis. The remaining 184 unassigned species 264 

were not included in δ13C analysis because no suitable tissue samples were available. TERN 265 

plant tissue samples were identified and selected using the ausplotsR package. Each species 266 

record is associated with a full list of the available silica-dried tissue samples. One sample 267 

was selected for stable isotope analysis based on overall condition and availability (i.e. the 268 

amount of sample available from a given plot).  269 

 270 

A 2 g subsample of material was taken from each silica-dried tissue sample. Each subsample 271 

was placed in an Eppendorf tube with two small ball bearings and pulverised for 272 

approximately one minute at 30 htz using a Retsch Mixer Mill. If samples had not 273 

homogenised during this initial process, samples were transferred to a stainless-steel ball-mill 274 

grinder and were ground for a further one minute at 30 htz. Sample preparation procedures 275 

were performed at the Mawson Analytical Spectrometry Services (MASS) Facility, 276 

University of Adelaide. An initial group of 378 samples were analysed for stable isotopes at 277 

both MASS and the Stable Isotope Facility at the Waite Campus of CSIRO in 2019. A 278 

subsequent group of 162 plant samples were analysed in 2020 at MASS. 279 

 280 

Stable carbon isotope analysis at CSIRO 281 

2 to 2.5 mg of powdered plant samples were weighed into tin cups and analysed for δ13C 282 

using a continuous flow isotope ratio mass spectrometer (IRMS Delta V, ThermoBremen, 283 
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Germany) equipped with an elemental analyser (Flash EA, Thermo, Bremen, Germany). 284 

Stable isotope ratios were expressed in δ notation as deviations from a standard in parts per 285 

mil (‰):  286 

 287 

Equation 1:                                              13C = [(Rsa/Rref)-1] x 1000. 288 

 289 

where Rsa is the ratio of abundances of 13C /12C in the sample, and Rref is this ratio in the 290 

reference gas47. 13C was reported relative to the standard Vienna Pee Dee Belemnite (VPDB). 291 

See the “Technical Validation” section for normalisation methods and precision estimates. 292 

 293 

 294 

Stable carbon isotope analysis at MASS, University of Adelaide  295 

Like the procedures at CSIRO, 2 to 2.5 mg of powdered plant samples were weighed into tin 296 

cups and analysed for δ13C using a continuous flow isotope ratio mass spectrometer (Nu 297 

Horizon, Wrexham, UK) equipped with an elemental analyser (EA3000, EuroVector, Pavia, 298 

Italy). Stable isotope ratios were expressed in δ notation as deviations from a standard in parts 299 

per mil (‰) using Equation 1. 13C was reported relative to the standard Vienna Pee Dee 300 

Belemnite (VPDB). See the “Technical Validation” section for normalisation methods and 301 

precision estimates. Once all stable isotope analysis was complete, a final dataset was compiled 302 

that listed the photosynthetic pathway of 2429 plant species detected in TERN plots (Table 303 

1)47.  304 

 305 

Data Records 306 
 307 

All data records are stored in the TERN Geospatial Catalogue data repository47. It is 308 

comprised of two data tables and one data descriptor file that defines the values in the two 309 
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data tables (Table 1). All tables and files are in MS Excel (.xlsx). The first table contains a 310 

list of each species and its photosynthetic pathway. It specifies the method used to determine 311 

the photosynthetic pathway (i.e. peer-reviewed literature, inferred from lineage, or δ13C 312 

analysis), as well as the peer-reviewed source or δ13C value of the tested specimen, as 313 

applicable. The plot number, location, and date that specimens were collected, the facility 314 

where the stable isotope analysis was conducted, and any replicate δ13C values are also 315 

provided. Details on commonly used species name synonyms are also listed (see Usage Notes 316 

for details). Any discrepancies in photosynthetic pathway assignments between sources, or 317 

notes about the need for further testing to confirm tentative assignments, are also recorded for 318 

each species. The second table includes a list of all the peer-reviewed sources used to create 319 

this dataset. Updates to the dataset will be managed through the TERN Geospatial Catalogue 320 

by creating a new version of the dataset. As TERN continues to expand its plot network, we 321 

will aim to include new species on an annual basis. We will also re-evaluate species 322 

taxonomy and photosynthetic pathways as new information becomes available. 323 

  324 



16 
 

 325 

Table 1. Description of database “The photosynthetic pathways of plant species surveyed in 326 
TERN Ecosystem Surveillance plots” with file locations  327 
Source Document Name n. records  Data Description Methods  

Link Plant Photosynthetic 

Pathway 

2428 Photosynthetic Pathway of 

vascular plant species detected 

in TERN Ecosystem 

Surveillance plots  

Literature search 

and stable isotope 

analysis 

Link List of Studies 38 Alphabetical list of references 

for species photosynthetic 

pathways 

Literature Search  

Link Data Descriptor 26 Alphabetical list of descriptions 

for each data column in the 

“Plant Photosynthesis Pathway” 

data table  

NA 

 328 

 329 

Technical Validation 330 
 331 

TERN Ecosystem Surveillance plot surveys have been performed by different individuals and 332 

teams, which has the potential to introduce errors in plant identification in the field by ground 333 

observers. For this reason, all collections are given a temporary field name identification and 334 

assigned a permanent primary genetic barcode that is associated with a physical plant sample. 335 

Each data point and sample are tracked and recorded using the primary genetic barcode, 336 

which ensures each data point in the transect is correctly associated with a physical sample 337 

for later identification. TERN Data is not published until the temporary field names are 338 

confirmed or corrected by expert local taxonomists at state herbaria. Prior to publication of 339 

plot plant data, each species are cross-referenced against the Australian Plant Census 340 

(https://www.anbg.gov.au/chah/apc/) to confirm the correct nomenclature. The whole 341 

database is also routinely compared to the Plant Census to detect changes in taxonomy over 342 

time. 343 

 344 

Photosynthetic pathway assignments obtained from published sources have already been 345 

subject to scientific scrutiny and are well-validated. The assumption that all species within a 346 

https://www.anbg.gov.au/chah/apc/
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given genus possess the same photosynthetic pathway is realistic in most circumstances3. 347 

However, our own work and the work of others has identified multiple exceptions. C4 and 348 

CAM photosynthesis have independently evolved multiple times across dozens of 349 

lineages48,49, which introduces the potential for misclassifications. To minimise this potential 350 

source of error, all species within a given family that are known to include C4 species were 351 

targeted for δ13C analysis. We targeted species in the families Aizoaceae, Asteraceae, 352 

Boraginaceae, Caryophyllaceae, Chenopodiaceae, Euphorbiaceae, Poaceae, Portulacaceae, 353 

and Zygophyllaceae. We recognize that Chenopodiaceae is now a subfamily of 354 

Amaranthaceae; however, chenopods have traditionally been examined as a unique family in 355 

past C4 analysis 50-52. Therefore, to enable consistent comparisons with previous work and 356 

datasets we distinguished Chenopodiaceae independent of Amaranthaceae. As previously 357 

discussed, CAM or C3-CAM photosynthesis is particularly difficult to identify using δ13C, 358 

therefore any CAM or C3-CAM designations based on δ13C values should be considered 359 

tentative and warrant further investigation. Special mention should also be made of the genus 360 

Portucula. Traditionally considered a C4 genus, recent evidence has found some Portucula 361 

spp. have CAM potential53,54. Until species-specific information becomes available, most 362 

Portucula spp. have been assigned in the dataset to a C4 pathway, but the possibility of C4-363 

CAM should be considered.  364 

 365 

Stable isotope analysis was performed at two different laboratories over multiple years, 366 

therefore technical validation needs to be considered. Each laboratory measured plant δ13C 367 

using well-established analytical techniques. All samples where corrected for instrument drift 368 

and normalized according to reference values55 using a combination of certified and in-house 369 

calibrated standards (Table 2). For the stable isotope analysis conducted at CSIRO in 2019, 370 

all samples were normalized using a multipoint linear regression, where the slope and 371 
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intercept are used to correct the isotope data on the δ13CVPDB scale56. Using the multipoint 372 

normalization procedure, measured δ values for the analysed standards are plotted on the x-373 

axis, and the “true” accepted δ values, expressed on the δ13CVPDB scale, are plotting on the y-374 

axis. These points create a regression line (eq 2) that covers the range of δ values:  375 

 376 

Equation 2                                          𝛿𝑆𝑝𝑙
𝑇 = 𝑎 x 𝛿𝑆𝑝𝑙

𝑀 + 𝑏  377 

 378 

Where a is the slope and b is the intercept. To normalize data, the measured δ value of the 379 

sample (M
Spl) is multiplied by the slope and the value of the intercept is added. Stable carbon 380 

isotope values had uncertainties of ≤ 0.77‰ δ13C based on repeat analysis of all the standards 381 

(n=141). The mean and standard deviation of the absolute difference between replicate 382 

samples (10% of all samples) was 0.20 ± 0.34‰ 13C. 383 

 384 

Table 2. List of standards (and their verified values) used to correct for instrument drift and 385 

normalize the δ13C of plant samples analyzed at the Stable Isotope Facility at the Waite 386 
Campus of CSIRO and the Mawson Analytical Spectrometry Services (MASS) Facility, 387 

University of Adelaide. USGS-40 is a certified standard, all others were calibrated in-house 388 
by each facility. 389 
 390 

Standard Verified δ13C Value (‰) Facility  

USGS-40  -26.39 CSIRO/MASS 

High Organic Sediment Standard OAS -28.85 CSIRO 

Wheat Flour Standard OAS -26.43 CSIRO 

Sorghum Flour Standard OAS -13.78 CSIRO 

Glycine -31.20 MASS 

Glutamic Acid -16.72 MASS 

Triphenylamine -29.20 MASS 

USGS 41 -37.63 MASS 

 391 

MASS standards were calibrated using a two-point correction57: 392 

 393 

Equation 3          δ sa,c = δ std1 + [(δ sa,i – δ std1,m)*( δ std2- δ std1)]/( δ std2,m- δ std1,m) 394 

 395 
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Where δsa,c is the corrected value of the measurement, δstd1,m and δstd2,m are the measured 396 

values of the standards, and δ std1 and δ std are the known values of the standards. For the 397 

isotope analysis conducted at MASS in 2019, isotope values had uncertainties of ≤ 0.31‰ 398 

δ13C based on repeat analysis of all the standards (n=30). For the isotope analysis conducted 399 

at MASS in 2020, isotope values had uncertainties of ≤ 0.09‰ δ13C based on repeat analysis 400 

of all the standards (n=75). The mean and standard deviation of the absolute difference 401 

between replicate samples (10% of all samples) in 2020 was 0.24 ± 0.48‰ 13C. Given the 402 

broad but unique range of isotope values exhibited by C3 and C4 species, small deviations in 403 

values between laboratories are not likely to effect photosynthetic pathway assignment. 404 

 405 

Usage Notes 406 
 407 

Site descriptions and complete species and specimen lists can be freely accessed for all 408 

TERN plots via the TERN ‘ausplotsR’ package or the TERN Data Discovery Portal 409 

(https://portal.tern.org.au/). As previously described, ausplotsR allows users to directly access 410 

all TERN plot-based data on vegetation and soils across Australia. It also provides functions 411 

that calculate and visualise species presence, richness and cover (%) at all TERN plots. The 412 

photosynthetic pathway dataset presented here was designed to be easily combined with 413 

TERN ausplotsR species distribution data to investigate national distribution patterns of 414 

different photosynthetic pathways29. It can also be combined with other TERN data 415 

infrastructure including climate and soil data products. Additional TERN data infrastructure 416 

can also be found via the TERN Data Discovery Portal. For more information and tutorials on 417 

how to access TERN data, visit www.tern.org. The ausplotsR package can be accessed and 418 

installed directly from https://github.com/ternaustralia/ausplotsR. 419 

 420 

Scientific names are provided by state herbaria and are the most commonly used names in a 421 

given state. However, valid scientific names may vary between states due to jurisdictional 422 

http://www.tern.org/
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differences in taxonomy and nomenclature. TERN Ecosystem Surveillance uses the scientific 423 

names as determined by the state-based herbaria as the point of truth in all its analysis and 424 

datasets. To enable the integration of this dataset with other data records, where there are 425 

known nomenclature issues between jurisdictions, we have endeavoured to notate alternative 426 

synonyms in the species name comments field of Table 1 in the dataset. When using this 427 

dataset, users should take care to select the most relevant synonym for their work.  428 

Code Availability 429 

 430 

No custom code was used in this analysis.  431 
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