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ABSTRACT
Aim: Previous studies have compared various eco-physiological aspects among C3, C4, and Crassulacean Acid Metabolism 
(CAM) plants, mostly using native species. The variation in key genetic and life-history traits and their distribution among 
non-native plants with the three photosynthetic pathways remains poorly understood. Here, we examine whether the photosyn-
thetic pathways of non-native plants in North America are linked to several major species traits and their current distributions. 
Location: North America.
Methods: We collate genetic and life-history data on chromosome number (ploidy levels), leaf size, plant height, seed size, life 
or growth form, reproductive mode, and phenology for 1977 non-native species from published sources. Native and non-native 
range sizes of each species are estimated according to the operational geographical units in which the species is present. The as-
sociated climatic data are obtained from the CHELSA climate database. We use one-way ANOVA, the pairwise Mann–Whitney 
U-test, and the Kruskal-Wallis test to examine the links among photosynthetic pathways, species traits, and distributions. We 
also perform linear regressions to examine the role of time (since introduction) in the spread of these non-native species.
Results: Non-native plants with the three photosynthetic pathways show clear differences in several life-history traits (ploidy 
level, leaf and seed size, plant height, reproductive mode), and phenology. The differences among the three plant types in their 
current distributions (range size, latitude, and elevation) demonstrate that they occupy distinct climate space across North 
America, although time (since introduction) also plays a role.
Main Conclusions: Our findings show clear links of photosynthetic pathways with life history and the distribution of regional 
non-native flora. Such results have strong implications for invasion research and management. Future studies should emphasize 
the roles of photosynthesis with additional traits and spread potential under projected land use and climate fluctuations.

1   |   Introduction

Plant traits have been shown to regulate the structure and dy-
namics of natural assemblages (Ackerly and Cornwell  2007). 
However, certain traits are more important than others, depend-
ing on specific processes and circumstances (Díaz et al. 2004; 
Nunez-Mir et  al.  2019). For example, seed size (a most stable 
plant trait) and plant height, leaf size, reproduction, flowering 
time, and ploidy level are among the most frequently used traits 

and certainly more important in plant performance and inva-
sion success than many other traits, such as leaf colour, in terms 
of dispersal power and competition (Cornelissen et al. 2003; Guo 
et  al.  2026; Nunez-Mir et  al.  2019; Van der Veken et  al.  2007; 
Whitney and Gabler 2008). Such key plant functional traits also 
include specific leaf area (SLA) (regulating growth strategy and 
competition), rooting depth (especially essential in arid habitats), 
and reproductive modes (Nunez-Mir et al. 2019). Consequently, 
some traits have received more attention than others, and some 
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species' traits are more closely related to one another than other 
traits (Díaz et  al.  2004; Grace  1990). For example, previous 
studies have found that plant leaf area has positive effects on 
growth, size (height), and overall competitive capacity (Kunstler 
et al. 2016). For non-native plants, seed size, plant height, and 
growth rate have been frequently cited as key traits that signifi-
cantly influence species invasiveness in recipient communities 
(Iannone et al. 2016; Rejmánek and Richardson 1996).

While species traits are increasingly studied and many critical 
traits have been extensively examined in the past, the role of 
photosynthetic pathways in species invasions and their links 
with other plant traits have rarely been thoroughly investigated. 
However, to better understand and manage biotic invasions, 
analyses of multi-trait associations, especially at large spatial 
scales (e.g., continental-scale), are critically needed. For spe-
cies with different photosynthetic pathways, changes in climate 
conditions (e.g., rising CO2, drought) could lead to very dif-
ferent outcomes in overall species performance (Whitney and 
Gabler 2008). Plants with C4 photosynthesis have long been per-
ceived as having evolved in response to warmer, drier conditions 
and low atmospheric CO2 concentrations (Ehleringer et al. 1997; 
Sage and Monson 1998). They are usually more advanced taxa, 
especially common among monocots, such as grasses, but rare 
among dicots and woody species (Sage et al. 1999). In contrast, 
elevated CO2 concentrations can enhance the photosynthetic 
rates, water-use efficiency, and biomass production of many 
C3 plants, particularly in disturbed habitats (Ainsworth and 
Rogers  2007), promoting their successful invasion (e.g., shrub 
encroachment in the deserts/grasslands of the southwestern 
United States; Peters et al. 2006). CAM photosynthesis occurs 
in many epiphytes and succulents from very arid regions. The 
CAM pathway is enhanced through either increased water-use 
efficiency or increased carbon gain (Bartlett et al. 2014). Thus, 
under different and varying conditions, plants of the three pho-
tosynthetic pathways would show different and ever-changing 
levels of invasion success over space and time.

Globally, plants using the three pathways are widely distrib-
uted, but C4 and CAM plants are highly aggregated in certain 
regions, with more C4 plants in warm regions and more CAM 
plants in arid regions (Ehleringer and Cerling 2002). However, 
the increase in atmospheric CO2 complicates the spatial and 
temporal distributions of C3 and C4 species. For example, in a 
human-enhanced CO2 environment, while C3 plants may ben-
efit directly from higher CO2, C4 plants may be outcompeted by 
C3 plants (Ehleringer et al. 1997). But elevated CO2 is also likely 
to result in warmer, sometimes drier conditions that benefit C4 
and CAM plants, leading to unexpected outcomes in species 
interactions among the three groups. Under rapidly changing 
circumstances and given the limited dispersal of some species, 
plants of the three groups may have to use limited microsites 
and coexist across large landscapes (Sage and Kubien  2007). 
The future distribution of existing species is further compli-
cated by the invasion of many non-native species with different 
proportions of photosynthetic pathways than those of resident 
species. In continental North America, for example, more than 
2440 plant species have been naturalized, and the composition 
of photosynthetic pathways (proportion of each) and trait–cli-
mate–distribution relationships remain interesting but largely 
unexplored.

Earlier investigations of biotic invasions have commonly focused 
on dominant species and have used a limited number of life-
history traits, such as seed size and reproductive mode (Nunez-
Mir et al. 2019). Generally, studies examining a small number 
of species or traits may overlook opportunities to identify more 
significant patterns or traits that could shed new light on the 
invasion mechanisms, especially over large spatial scales (Liu 
et al. 2019). For example, across continental North America, the 
relative proportions of C3, C4, and CAM plants among the 2441 
species in its non-native flora are still unknown. Yet, this in-
formation, along with the spatial and temporal variation in the 
three photosynthetic pathways, is a critical indicator of environ-
mental change. In addition, little information is currently avail-
able on the association between photosynthetic pathways and 
other life-history traits and distributions, despite this knowledge 
having important implications for ecosystem management.

Plant photosynthesis is highly sensitive to changing climate 
conditions; plants with different photosynthetic pathways 
would respond differentially to changing climates (Sage and 
Kubien 2007). Facing many uncertainties under global change, 
to better predict future species invasions, we need a better un-
derstanding of how the changing climate reshapes the distribu-
tions of C3, C4, and CAM plants (Guo et al. 2025). Also, despite a 
steadily growing literature on eco-physiological characteristics, 
the role of photosynthetic pathways in plant invasions remains 
a major information gap. Also, the possible differences in mor-
phology, phenology, and biogeography of the three plant types 
remain poorly understood, especially among non-native plants. 
Here, we examine the relative performance and invasions of the 
C3, C4, and CAM non-native plants across continental North 
America using newly compiled data. We test two main hypoth-
eses: (1) in addition to many eco-physiological characteristics, 
photosynthetic pathways are also closely linked to many other 
morphological (e.g., leaf size, height, seed size) and phenolog-
ical traits (e.g., flowering start/ending time and duration in 
month), and (2) plants of these three photosynthetic pathways 
show different distribution patterns (latitude, elevation) due to 
their unique preferences and different sensitivities to climate 
conditions (mean annual temperature and mean annual precip-
itation). The goal is to explore and predict the potential for plant 
invasion in North America, given the available climate space. 
To our knowledge, this study is the first to focus on the role of 
photosynthetic pathways in species invasiveness and spread 
within a large non-native flora across a wide geographic extent 
(i.e., across a continent).

2   |   Methods

Among the over 2441 non-native plant species naturalized in 
North America (the continental United States and Canada), 
we had information on photosynthetic pathways for 1977 spe-
cies: 1709 (86%) C3 plants, 174 (9%) C4 plants, and 94 (5%) CAM 
plants. To investigate whether the photosynthetic pathways may 
be linked with other life history traits and invasion success, we 
collated the genetic and life history data on chromosome num-
ber (including ploidy level, I, II, and III), leaf size (measured 
as length × width, cm2; no correction was made to account for 
compound and heteromorphic leaves), plant height (cm), seed 
size (weight, g), life or growth form, reproductive mode (sexual, 
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asexual, and both), and phenology (flowering start/end time 
and duration in month) from various sources, including liter-
ature, online traits databases (https://​plants.​usda.​gov/​home), 
and numerous national, regional, and local floras. Botanical no-
menclature in different sources was standardized during data 
search and before analysis using the R package U.Taxonstand 
(Zhang and Qian 2023; Zhang et al. 2025), following the World 
Checklist of Vascular Plants (Brown et  al.  2023). The three 
ploidy levels based on the number of chromosome sets (2n) that 
have been reported to date, i.e., 1, 2, and ≥ 3 sets, correspond to 
level I, level II, and level III, respectively. To examine whether 
photosynthetic pathways were related to species distribution, we 
compiled distribution data (e.g., latitude and range size in both 
native regions and in North America) for these species based 
on the Global Naturalized Alien Flora (Glo NAF) database (van 
Kleunen et al. 2019) and the World Checklist of Vascular Plants 
(Brown et al. 2023). We used the operational geographical units 
at level 3 of the International Working Group on Taxonomic 
Databases for Plant Sciences (Brummitt 2001) to document spe-
cies distributions. Oceanic islands and Antarctica were excluded 
from analyses. Native and non-native range sizes of each species 
were estimated according to the operational geographical units 
in which the species was present (i.e., the total area of the opera-
tional geographical units in which the species occurred in either 
case). To investigate the possible role of residential time on spe-
cies distribution, we used the data of first record of observation 
in North America from Sofaer et al. (2025).

The area of each operational geographical unit was determined 
using the GIS package of the International Working Group on 
Taxonomic Databases for Plant Sciences (https://​github.​com/​
tdwg/​wgsrpd/​tree/​master/​level3), including all habitats within 
the operational geographical unit. Because a species does not 
occupy every local site within its distributional range, the actual 
occupied area of a species would necessarily be smaller than its 
distributional range. However, this is generally not considered 
as an issue in macroecological studies, partly because the same 
method of estimating distributional areas is applied to all spe-
cies in a particular study and thus there is no systematic bias 
towards a particular species, or a group of species. The method 
that we used in this study to measure species distribution ranges 
has been commonly used in macroecological studies (e.g., Cai 
et al. 2023; Guo et al. 2024; Qian et al. 2024).

To test whether the non-native species of the three photosyn-
thetic pathways were associated with specific climate condi-
tions, we related them to two major climatic variables (bio1 and 
bio12 for mean annual temperature (MAT) and mean annual 
precipitation (MAP), respectively); we obtained the climatic 
data from the CHELSA climate database version 2.1 at the res-
olution of 30 arc-seconds (https://​chels​a-​clima​te.​org) (Karger 
et al. 2017), which are modelled using observed climatic data for 
the period from 1979 to 2025. We calculated the average value 
of each climatic variable for all pixels at 30-arc-second resolu-
tion within the distributional range of each species in each geo-
graphical region defined by van Kleunen et al. (2019).

In most cases of comparison, since data were not normally dis-
tributed and sample sizes were different among the three pho-
tosynthetic pathways, we first adopted the Kruskal-Wallis test 
(a non-parametric method ideal for comparing groups when 

sample sizes are small or very different) to determine whether 
there was a statistically significant difference in the median val-
ues among C3, C4, and CAM non-native plants. When the test 
was significant, we then performed pairwise Mann–Whitney U 
tests on life-history traits, including seed and leaf size and distri-
bution (range size, latitude, and elevation) among species of the 
three photosynthetic pathways.

3   |   Results

Among the 1977 studied non-native plant species in North 
America, several life history traits, as well as climate space and 
distribution, were clearly different among plants of the three 
photosynthetic pathways. Among these species, the small-
est chromosome number increased from C3 to C4 and CAM 
plants (C3 vs. C4: U = 60,172, p = 0.023; C3 vs. CAM: U = 24,809, 
p = 0.014; C4 vs. CAM: U = 2176, p = 0.277; Figure 1A). However, 
C4 plants had the highest proportion of polyploids, followed by 
C3 and CAM plants (e.g., 27%, 15%, 14% at level III, respectively; 
Table  1). C3 plants had the largest seed sizes (weight, g), fol-
lowed by CAM plants (C3 > C4: U = 34,800, p < 0.001; C3 > CAM: 
U = 18,513, p = 0.011); no difference in seed size was observed 
between C4 and CAM plants (U = 2118, p = 0.25; Figure 1B).

In terms of reproductive mode, C3 and C4 plants had a high 
proportion of species with sexual-only and sexual-plus-asexual 
reproductive modes (Table 2). Most C4 plants adopt sexual re-
production; none totally rely on asexual reproduction, and about 
one-third use both sexual and asexual reproductive modes. In 
contrast, CAM plants had a high proportion of species with sex-
ual plus asexual reproductive mode (59%), followed by sexual 
only and asexual only reproductive modes (Table 2).

No difference in leaf size was observed between C3 and C4 plants 
and between C4 and CAM plants, but there was a marginal dif-
ference between C3 and CAM plants (Figure 1C). The maximum 
and mean height of C3 plants was greater than that of C4 plants 
and CAM plants, and greater in C4 plants than in CAM plants (in 
all cases, p < 0.05). Similarly, the minimum height of the C3 plants 
was greater than that of the C4 and CAM plants, but there was no 
difference between the C4 and CAM plants Table 3, (Figure 1D).

The flowering duration was significantly shorter among C3 than 
among C4 plants (U = 179, p = 0.004) and among CAM plants 
(U = 729, p = 0.008), but there was no difference between C4 and 
CAM plants (U = 77, p = 0.684; Figure  1E). C4 plants flowered 
later than both C3 and CAM plants but CAM plants flowered 
much earlier than C3 plants. In contrast, C3 plants ended the 
flowering period earlier than C4 plants, but there was no differ-
ence in the flowering end time between C3 and CAM plants and 
between C4 and CAM plants (Table 3, Figure 1F).

Across all three photosynthesis pathways, the native ranges 
were significantly larger than their non-native (or introduced) 
ranges in North America (p < 0.001). In the native regions, C4 
plants had the largest mean range size, followed by C3 and 
CAM plants. In North America, C3 and C4 plants had similar 
mean range sizes (p = 0.482), which were significantly larger 
than those of CAM plants. The variation in range size among 
C3 species and among C4 species was larger in North America 
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than in their native regions, but there was no difference among 
CAM plants between the native regions and North America 
(Figure 2).

However, when herbaceous and woody species were analysed 
separately, divergent patterns emerged among C3, C4, and CAM 
plants. Among herbaceous species, significant differences in 

FIGURE 1    |    Comparisons of selected life history traits among non-native plants in North America with the three photosynthetic pathways (C3, C4, 
and CAM; in all panels, the boxes represent the median and 25th and 75th percentiles, and whiskers represent the 10th and 90th percentiles). Note 
that in A, the chromosome number is the lowest chromosome number reported for each species, and in F, the boxes are based on values of 1 through 
12 that represent the 12 months from Jan. through Dec. Mann–Whitney Rank Sum Test, *p < 0.05, **p < 0.01, ***, p < 0.001.

TABLE 1    |    Comparison of the fraction of species (%) at the three 
ploidy levels in C3, C4, and CAM plants (the three photosynthetic 
pathways) for all 1488 species with both photosynthetic pathways 
information and chromosome counts in the non-native North America 
flora (thus the fraction of species at ploidy-I is 100%).

Photosynthetic 
pathway No. species

Ploidy level

I II ≥ III

C3 1336 100 32 15

C4 105 100 51 27

CAM 47 100 32 14

TABLE 2    |    Proportion (%) of the three reproductive modes (sexual, 
asexual, and both) among C3, C4, and CAM species of the 285 non-native 
plant species in North America with both photosynthetic pathway 
information and reproduction data.

Photosynthetic 
pathway

No. 
species

Reproductive mode

Sexual Asexual Both

C3 233 50 3 47

C4 23 65 0 35

CAM 29 27 14 59

 13652699, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbi.70231 by Q

infeng G
uo - N

ational Forest Service L
ibrary , W

iley O
nline L

ibrary on [26/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 10Journal of Biogeography, 2026

range size were observed in all three pathways, and this was 
true in both native regions and in North America (Figure S1 A), 
but no difference among the three pathways in woody species 
was observed (Figure  S1 B). Also, among herbaceous species 
and in the native regions, C4 species had the largest ranges; in 
North America, however, C3 species had the largest ranges, fol-
lowed by C4 and CAM plants (Figure S1A).

In the native regions, both maximum and mean latitudes for C3 
plants were larger than those for C4 and CAM plants, but no 

difference in minimum latitudes was detected among all three 
plant groups (Figure S2A). In North America, similar patterns 
were observed. However, unlike the patterns observed in the na-
tive regions, the minimum latitudes show the following order: 
C3 > C4, C3 > CAM, and C4 > CAM (Table 3, Figure S2B). There 
was no difference in maximum elevation between C3 and C4 
species, but the maximum elevation of these two groups of spe-
cies was significantly higher than that of CAM species. No dif-
ference was observed in the lowest elevation among the three 
plant groups (Table 3, Figure S2C).

Plants of all three photosynthetic pathways show similar 
spread rates over time, as shown by similar trends in the re-
lationships between time (yrs) after the first reported date 
in North America and range size (C3: r = 0.59, p < 0.001; C4: 
r = 0.47, p < 0.001; CAM: r = 0.61, p < 0.001; no difference among 
the three regression slopes; Figure  3). C3 and C4 plants were 
introduced to North America within a similar timeframe but 
much earlier than CAM plants. Test based on the time (yr) or 
first reported date in North America, C3 versus C4: U = 101,317, 
p = 0.334; C3 versus CAM: U = 47,915, p < 0.001; C4 versus CAM: 
U = 4424, p = 0.002.

All three plant groups occupied a much smaller climate space 
in North America than in their native regions (Figure S3). The 
ranges of minimum annual temperature of all three groups (C3, 
C4, and CAM) of non-native species were much larger than the 
maximum annual temperature in both native regions and in 
North America (Figure 4A,B). For MAP, the same was true in 
the native regions; however, the opposite was observed for CAM 
plants in both native regions and North America, as well as for C3 
and C4 plants in their native regions only (Figure 4C,D). Across 
all three plant groups, the medians of both MAT and MAP 
were higher in the native regions than in North America (in all 
cases, p < 0.05) except for the MAP of C3 plants (Figure 4E,F). 
For C3 and C4 plants, the differences between maximum and 

TABLE 3    |    Comparisons of plant height, flowering start/end time (month), latitude (in both native regions and non-native region, North America), 
and elevation (in North America) among C3, C4, and CAM non-native plants in North America based on the Mann–Whitney Rank Sum Tests (U 
values). (see also Figure 1, Figure S1).

C3 versus C4 C3 versus CAM C4 versus CAM

Plant height (cm) Maximum 14900*** 3503*** 729**

Minimum 10974*** 3860** 707

Flowering month Start 298* 355*** 254**

End 168** 583 79

Latitude (o) Highest 102852*** 54500*** 7776

Native regions Mean 72274*** 54353*** 7067

Lowest 142,560 80,182 7754

Latitude (o) Highest 112675*** 34482*** 7001

North America Mean 93871*** 55747*** 8061

Lowest 99786*** 69824* 6338***

Elevation (m) Highest 1380 704* 102*

North America Lowest 1006 879 157

Note: *p < 0.05, **p < 0.01, ***, p < 0.001.

FIGURE 2    |    Comparison of the range size of the non-native plants in 
North America among the three photosynthetic pathways (C3, C4, and 
CAM). Boxes represent the median and 25th and 75th percentiles, and 
whiskers represent the 10th and 90th percentiles. Mann–Whitney Rank 
Sum Test, *p < 0.05, **p < 0.01, ***, p < 0.001.
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minimum MAT and MAP were smaller in North America than 
in the native regions, but no difference was found for CAM 
plants (Figure 4A–D).

4   |   Discussion

Our findings confirm that plants with the three types of pho-
tosynthetic pathways exhibit distinctive eco-physiological fea-
tures and performance (Kumar et  al.  2017). Also, many other 
plant life-history and genetic traits are associated with specific 
photosynthetic pathways. Most previous studies have focused 
on native floras. Our study, based on a large non-native flora 
in North America, also reveals some significant patterns. Some 
emerging patterns or associations are clear, reflecting both the 
advantages and disadvantages of each photosynthetic pathway 
under varying climate and other environmental conditions.

In this study, 86% of the non-native plant species examined in 
North America are C3 species, similar to the previously reported 
estimate that 85%–90% of all plant species on Earth are C3 plants 
(Baslam et al. 2020; Kumar et al. 2017). In general, C4 and C3 
species are believed to be more invasive than CAM plants due to 
their overall higher rates of growth and resource use (Hartzell 
et al. 2018). C4 plants have a significantly higher photosynthetic 
capacity than C3 plants and can better cope with higher tem-
peratures and lower water availability. C4 plants are efficient 
water users that often adapt to warmer, drier conditions, thereby 
allowing them to better tolerate heat and drought (Bromham 
and Bennett  2014; Sage and Monson  1998). Nevertheless, ele-
vated CO2 would favor more C3 or woody species over C4 species 
unless this effect is counterbalanced by drier, warmer condi-
tions that greatly increase the competitive capacity of C4 species 
(Chuine et al. 2012).

On average, C3 plants are expected to have larger seeds than C4 
and CAM plants, at least among non-native species in North 
America. A major reason could be that C3 species exhibit more 
diverse growth forms (Yamori et  al.  2014), including larger 
plants, and these larger plants (trees and shrubs), on average, 
have larger seeds (Figure 1B) and leaves (Figure 1C) that could 
be linked to species invasiveness (Rees and Venable  2007; 
Rejmánek and Richardson 1996). In our case, C3 and C4 plants 
adopt similar reproductive modes, i.e., the vast majority use sex-
ual or both sexual and asexual modes, and very few totally rely 
on the asexual mode. In contrast, most (59%) CAM plant species 
use both sexual and asexual modes, and a few use either sexual 
or asexual modes. Previous studies show that species with mul-
tiple reproductive modes have advantages in invasion (Nunez-
Mir et al. 2019; Rejmánek and Richardson 1996). However, in 
our case, this advantage for CAM plants with both sexual and 
asexual reproductions may be overshadowed by other limita-
tions such as habitat availability and changing CO2 levels (see 
detailed discussion below).

Both photosynthetic pathways and life/growth forms are im-
portant factors in determining species' range sizes in both na-
tive and nonnative regions. For herbaceous species, the order 
of range sizes among the three photosynthetic pathways has 
shifted from native regions (C4 > C3 > CAM) to nonnative re-
gions in North America (C3 > C4 > CAM), presumably reflecting 
species invasiveness and changes in habitat availability. In con-
trast, for woody species, no difference in range size has been 
detected among the three species types. This might indicate that 
species performance of woody plants (e.g., species adaptability 
and habitat requirements) may be less sensitive to photosyn-
thetic pathways than that of herbaceous species. After all, the 
vast majority of woody species are C3 species (Young et al. 2020).

In our case, the range sizes of C3 and C4 plants are larger 
than those of CAM plants in both native regions and in North 
America. In North America, however, since C3 and C4 plants 
were, on average, introduced earlier than CAM plants, we 
cannot claim that the observed pattern simply follows that in 
native regions. If regional or global temperatures continue to 
rise, C4 plants are likely to become more invasive, expanding 
their ranges unless rising CO2 levels curb their spread (Wang 
et al. 2020). However, it remains unclear why C3 and C4 plants 
were introduced to North America earlier than CAM plants, 
which may partly explain the smaller range sizes of CAM plants 
relative to those of C3 and C4 plants in North America (Guo 
et al. 2025). Another important reason is that CAM plants are 
mostly prevalent in arid and semi-arid regions of North America 
(Nobel  1991) with generally lower human population density 
and a shorter history of massive human settlement (relative to 
the east, particularly the northeastern US), which reduces the 
likelihood of successful introduction and naturalization.

The role of residence time is evident in the overall lower eleva-
tional distribution of non-native species worldwide compared 
with native species (Guo et al. 2018). For now, most plants of all 
three photosynthetic pathways have not yet had enough time to 
spread (or shift) upward. Thus, their current occupancy of climate 
space does not reflect niche and dispersal limitation. In our case, it 
is unclear why the variation in species' maximum temperatures is 

FIGURE 3    |    Plants of all three photosynthetic pathways (C3, C4, and 
CAM) show similar trends in the relationships between time (yrs) since 
the first reported date and range size in North America (km2).
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smaller in native regions than in the non-native regions in North 
America. For some species, the mismatch in climate space be-
tween native and nonnative regions could at least partly be due 
to enemy release in the invaded habitats (Liu and Stiling 2006). 
However, the smaller differences between maximum and mini-
mum MAT and MAP in North America compared to those in 
the native regions simply reflect the climate space limitation in 
North America, compared to that in the species' native regions. 
Over time, and as the climate warms, differences in range size, 
horizontal (across latitude) and vertical (across elevation) span, 
and many other aspects between the native regions and North 
America could be drastically altered. More importantly, in the 
future, as global temperatures and CO2 levels continue to rise at 
different rates across world regions and within North America 
(Grotch and MacCracken 1991), plants of the three photosynthetic 
pathways may show divergent spread patterns in North America. 
This is simply because the three plant groups are expected to show 

different sensitivities and tolerances to climate fluctuations (Bai 
et al. 2025; Kumar et al. 2017).

The plants using the three photosynthetic pathways clearly 
adopt different phenological strategies. In our study, the earlier 
flowering time for C3 species compared to C4 species is con-
sistent with the observation by Pereyra Almena et  al.  (2024). 
CAM species have a very slow, energy-conserving metabolism 
designed for survival in arid environments, leading to early 
flowering and longer flowering time. In this study, the range 
sizes of CAM plants are mostly restricted by the habitat avail-
ability in the southwestern United States. However, future 
climate warming could significantly alter the strategies of the 
three plant groups, thereby affecting invasion success and rela-
tive abundance in affected regions and habitats (Bai et al. 2025). 
For example, if the CO2 level is elevated further in these areas, 
CAM plants would be further restricted to microhabitats, as 

FIGURE 4    |    Comparisons in climate space (mean annual temperature, MAT) and mean annual precipitation (MAP) among C3, C4, and CAM non-
native plants in North America. The boxes represent the median and 25th and 75th percentiles, and whiskers represent the 10th and 90th percentiles.
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coexisting and invading C3 species benefit more from high CO2 
(Sage et al. 2023). Also, if global temperature continues to rise, 
C4 plants may benefit and become even more invasive, partic-
ularly given their smaller seeds with higher abundance (thus 
more likely to be dispersed) (Howe and Miriti 2004; Rejmánek 
and Richardson 1996). Warming would advance the flowering 
time of both C3 and C4 plants, but it could significantly reduce 
the flowering duration for C3 plants, thereby decreasing the 
dominance of C3 plants and creating more favourable conditions 
for C4 and CAM plants (Díaz Cando et al. 2025; Yu et al. 2024).

The smaller climate space used by all three plant groups in 
North America than in their native regions clearly indicates the 
great potential for them to spread in the future when similar cli-
mate niches become available (e.g., under a warming trend) and 
enough time is given. At the same time, most non-native plants 
will likely encounter the native plants with the same photosyn-
thetic pathways if the invaded habitat is large. Non-natives that 
share life histories with resident native species are more likely 
to invade the same habitat when natives are disturbed, and their 
abundance is reduced. There is also abundant evidence that 
some extraordinary invasion successes involve species with 
competitive traits invading new habitats where resources are 
still available (Havrilla et al. 2023).

Finally, due to data limitations, our study has not considered the 
possible role of habitat features in the studied region, such as dom-
inant soil types, vegetation types, and the extent of human distur-
bance (e.g., urbanization or agricultural land use), in shaping our 
observed patterns. This remains an important information gap 
that needs to be filled in the future. Also, our comparisons among 
three photosynthetic pathways using the univariate analysis 
are constrained by the inability to identify causal relationships, 
partly because it cannot account for possible confounding effects. 
There are many more plant traits and processes (e.g., interactions 
among the three plant types) that have not been examined but 
might be related to photosynthetic pathways (Angeli et al. 2025). 
For example, the potential associations between photosynthetic 
pathways and various other plant traits (e.g., hybridization, poly-
ploidization) have not been specifically or thoroughly investigated 
(Liu et al. 2019). Future studies should take the important factors 
listed above into account to better explain our observed patterns.

Despite the constraints of our analysis, our findings, based on 
a large number of species, could, to a certain extent, help pre-
dict which species types (C3, C4, and CAM) may spread and 
into which habitats under a changing climate. Given ongoing 
and projected climate fluctuation and land use, it would be 
very useful to develop a more sophisticated trait-photosynthetic 
framework that can be integrated with well-designed field ex-
periments to predict where C3 or C4 plants may predominate in 
the future (Raubenheimer et al. 2025). Future research should 
focus on these aspects, especially given the ever-changing envi-
ronmental conditions.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Comparisons of range 
size between the native regions and North America (NAM; non-native 
region) for herbaceous (A) and woody species (B) among C3, C4, and 
CAM species, respectively. Figure S2: Comparisons in latitudinal 
(highest, mean, and lowest in both native and non-native regions) and 
elevational (highest, lowest in North America—NAM only) distribution 
among plants of the three photosynthetic pathways (C3, C4, and CAM). 
Boxes represent the median and 25th and 75th percentiles, and whiskers 
represent the 10th and 90th percentiles. Figure S3: The comparison of 
occupied climate space of C3, C4, and CAM non-native plants in their 
native regions and in North America (NAM). The climate space used by 
all three plant groups is clearly much smaller in North Amercia than in 
their native regions. Each dot represents a species. 
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