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Abstract 32 

Although taxonomy is an evolving discipline, taxonomic change is rarely accounted for in 33 

macroecological studies. By tracking the history of species descriptions and synonymizations of more 34 

than 800 names of Amazonian palms, we reveal shifts in species counts across space and time, the 35 

factors associated with taxonomic lumping, and the time needed to detect synonyms. The 175 36 

Amazonian palm species known to date are the result of a gradual accumulation of new descriptions 37 

and a few distinct revisions events that led to the recognition of approximately 800 heterotypic 38 

synonyms. Most of these synonyms were detected after the mid-1990s and caused an 80% decrease 39 

in species counts within just three decades. The time to detect synonyms ranged from 3 to 227 years. 40 

Species with a large population, widespread distribution, and those described early were more 41 

frequently lumped. This suggests undetected synonyms inflate species richness unevenly across taxa 42 

and regions. Our study highlights how much taxonomic revisions can affect our understanding of 43 

biodiversity. Without them, we risk building our ecological analyses and conservation assessments on 44 

shaky ground. 45 

 46 

Keywords: Amazonia, Arecaceae, macroecology, palms, species description, taxonomic lumping, 47 

taxonomic data integration, taxonomic uncertainty, species delimitation, species richness  48 
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Introduction 50 

About four thousand new plants names are proposed each year. However, only half of these 51 

result from new field discoveries; the other half stems from the taxonomic revision of already 52 

described species [1]. Such revisions often result in lumping, splitting, or reassigning species to a 53 

different genus. When substantial, these changes can alter species counts across taxa and reshape the 54 

geographic patterns of species richness [2]. Yet, their impact on biodiversity patterns remains largely 55 

unquantified. This knowledge gap is particularly problematic for hyper-diverse ecosystems like the 56 

Amazon rainforest, where new species discoveries and revisions are common [3] and may even affect 57 

estimates of global species richness [4]. 58 

Taxonomic lumping and reassignments are frequent in many plant groups [5]. Taxonomic 59 

lumping happens when species boundaries are re-evaluated and modified, resulting in combining two 60 

or more previously accepted species into a single one. Reassignments, on the other hand, occur when 61 

relationships among species are reinterpreted, resulting in species being moved from one genus to 62 

another. Both, lumping and reassignments, generate synonyms, i.e.,, duplicated names for the same 63 

taxon (see box 1 and table S1 for definitions). Overall, synonyms tend to outnumber the counts of 64 

accepted vascular plant species by a factor of 1.5 [6]. The number of synonyms across flowering plants 65 

(angiosperms) is not homogeneous but it varies by several orders of magnitude across taxa. Half of 66 

the angiosperm species are not associated with a single synonym (i.e., have only a single accepted 67 

name assigned to their original description), whereas a few angiosperms have been accumulating up 68 

to 300 synonyms [7]. The identification of synonyms may take only a few years or up to centuries after 69 

the first proposal of a name [8].  70 

Yet, our understanding of the impacts of taxonomic change on plant species richness is mainly 71 

derived from theoretical models [9] or from other biological groups, such as birds or amphibians [10]. 72 

Complementing the theoretical work with empirical studies has long been hampered by limited data 73 

availability [11]. However, a growing volume of digital resources, including botanical taxonomic 74 

treatments (e.g., monographs, revisions, and synopses), and easy access to plant nomenclatural 75 

databases [e.g., 12,13] opens new opportunities to explore changes in species taxonomy. Such data, 76 

to our knowledge, have not been used yet to assess how taxonomic change has shaped the current 77 

pattern of plant richness at a broad temporal and spatial scales. 78 

Here we analyse 200 years of taxonomic descriptions and lumping for all Amazonian palms to 79 

uncover the changes in the number of accepted species across genera and regions. Our study 80 

addresses three questions: 1) How did the counts and proportion of accepted species vary over time 81 

across Amazonia? 2) How long can it take to recognize an accepted species as a synonym? and 3) 82 

Which factors are associated with taxonomic lumping?  83 
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We chose Amazonian palms as a model group because they are among the best-studied 84 

groups of the tropical flora [14], with a wealth of species descriptions and revisions published since 85 

the 18th century [14]. Together with contemporary field sampling [15], this provides rich baseline data 86 

for pertinent analyses. We also think that a deeper understanding of taxonomic progress in Amazonia 87 

is needed. In times of climate change, global mass extinction, and decreasing research budgets for 88 

taxonomy, we risk losing many species before they are adequately described or classified [16]. Thus, 89 

we discuss the implication of changes in species taxonomy for macroecology and biodiversity 90 

conservation analyses that rely on species count and identity. 91 

 92 

Materials and methods  93 

Establishing a checklist of Amazonian palms and associated synonyms 94 

We considered as Amazonian palms all palm species that occur at elevations below 500 m 95 

a.s.l. and within the biogeographic limits of Amazonia [17]. To create a broadly accepted checklist of 96 

Amazonian palms, we included only species (excluding hybrids, varieties, and subspecies) listed in any 97 

of the four checklists: Henderson (1995) [18], in Cardoso et al. (2017) [19], ter Steege et al. (2019) [3], 98 

and Flora e Funga do Brasil (2020) [20]. Differences between these four lists reflect variations in the 99 

geographical boundaries of Amazonia and taxonomic interpretations of what constitutes an accepted 100 

species or a synonym. Our initial broadly accepted checklist contained 240 species (table S1).  101 

We then verified the taxonomic status of the 246 species names against four taxonomic data 102 

portals: Tropicos [21], Plants of the World Online (POWO) [22] , World Flora Online (WFO) [23], and 103 

Flora e Funga do Brasil [20]. For all names identified as synonyms or unplaced in any of the data 104 

portals, we obtained the respective accepted name. This standardization resulted in a checklist of 206 105 

accepted species names. All names were found at least in one data portal; the unique identifiers 106 

provided by individual data portals are given in table S1.  107 

Out of these 206 species, 53 were not included in Henderson [18], which is the most recent 108 

checklist of Amazonian palms compiled by an Arecaceae specialist. We thus verified the geographical 109 

range of these 53 species in Flora do Brasil [20]; “Palms of the Americas” [24], the website ‘Palmweb’ 110 

[25], and the pertinent taxonomic literature. This cross-referencing identified 31 species that do not 111 

seem to occur below 500 m a.s.l within the biogeographic limit of Amazonia. These species were 112 

excluded from our analyses. Therefore, our final checklist includes 175 accepted palm species, 113 

described until 2012 (the last year with consolidated data in the checklists of Cardoso et al. [19] and 114 

ter Steege et al. [3]). Our list comprises species of different sizes and growth forms, e.g., large tall-115 

stemmed palms, large to small acaulescent palms, small palms, and climbing palms [26]. 116 
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We also retrieved the following information from the four taxonomic portals: (1) a list of 117 

homotypic and heterotypic synonyms (see Box 1) associated with the 175 currently accepted palm 118 

species; and (2) ancillary bibliographical information (i.e., author, title of the taxonomic work, and year 119 

of publication) for the currently accepted species and their synonyms. We manually checked all names 120 

listed as synonyms (N = 1285) in the four taxonomic portals. We corrected obvious misspellings and 121 

flagged names that could not be assigned to a known species, as they were illegitimate or not validly 122 

published designations (table S1). We also flagged names that we could not associate with a 123 

publication or which were not available in the database of the International Plant Names Index [27]. 124 

Such manual checks were necessary because information on synonyms retrieved from the four 125 

taxonomic portals may be inconsistent. 126 

We then selected only heterotypic synonyms, which result from merging previously accepted 127 

species that were described based different type specimens (Box 1). Heterotypic synonyms were 128 

identified by querying the Plants of the World database [12] with the R package ‘kewr’ [13] and by 129 

consulting taxonomic works, in which the currently accepted species have their synonyms (or 130 

unplaced names) mentioned. Finally, we manually checked the earliest taxonomic work, including 131 

monographs, synopses, and revisions, to determine the year of synonymization for all heterotypic 132 

synonyms. These taxonomic works were identified through searches of main virtual botanical 133 

databases, such as Tropicos [21] , POWO [22], and WFO [23]. As our focus is on temporal trends in the 134 

number of accepted palm species, we considered only heterotypic synonyms that are recognized at 135 

species level. This is justified because species is the analytical unit for most (macro)ecological and 136 

conservation studies, we thus excluded subspecies, hybrids, and varieties from our analyses. 137 

  138 
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 139 

[Refs box: [28] [29], [30], [31], [32], [33], [34], [35]  - This text should be deleted]. 140 

Herbarium records of Amazonian palms 141 

We assessed the spatial variation in the proportion of accepted species in all described taxa 142 

(accepted species plus heterotypic synonyms) varies across Amazonia. For this, we used the location 143 

of 15,446 herbarium records of all 175 species of Amazonian palms, which were retrieved from the 144 

Global Biodiversity Information Facility [36]. We screened all records and flagged those with uncertain 145 

geographical coordinates and/or missing taxonomic information at species level. This filtering led to a 146 

dataset of 8249 herbarium records for 170 palm species. The ‘rgbif’ R package [37] was used to 147 

retrieve records, and the ‘bdc’ R package [38] to flag records with potential errors. 148 

 149 

Data analysis 150 

Temporal trends in the proportion of accepted species 151 

To analyse temporal trends, we followed Alroy [8] and calculated for each year n the proportion of 152 

accepted species (P) in all described taxa as: 153 

 154 

𝑃𝑛 =
𝐴𝑛

𝐴𝑛 + 𝑆𝑛
  155 

 156 
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where A stands for the number of accepted species and S denotes the number of heterotypic 157 

synonyms in year n. To visualize the time needed to recognize a previously accepted species as a 158 

heterotypic synonym, we used Kaplan-Meier curves [39]. Such curves are commonly used in medical 159 

research to visualize the probability of an event (e.g., death) over time for different treatment groups. 160 

Here, we considered the year of taxonomic description as the base year of the observation period (t0) 161 

and the year of synonymization as the year in which a taxonomic event is recorded (t1), and from 162 

which onwards a name no longer corresponds to an accepted species. The Kaplan-Meier curves were 163 

established considering only heterotypic synonyms. Both the proportion of accepted species in all 164 

described taxa and the Kaplan-Meier curves were calculated for: (1) all taxa; (2) taxa grouped cohorts 165 

according to year of description (i.e., until 1900; between 1901 and 1950; between 1951 and 1980; 166 

and between 1981 until 2012); and (3) taxa belonging to the three most species-rich palm tribes 167 

(Cocoseae, Euterpeae, Geonomateae). The Kaplan-Meier curves were established with the ‘survival’ 168 

[40] and ‘survminer’ [41] R packages. 169 

 170 

Spatial trends in the proportion of accepted species 171 

To assess whether species have a higher number of heterotypic synonyms in certain regions of 172 

Amazonia, we mapped the proportion of accepted species in all described taxa. A lower proportion of 173 

accepted species in a given area may indicate a higher number of heterotypic synonyms, suggesting a 174 

higher number of duplicated descriptions for the same species. This approach allows us to identify 175 

spatial patterns in synonymy across the region. For this, we used a grid of resolution of  100 × 100 km, 176 

which covered the Amazonian region [17] and was projected to the ‘South America Albers Equal Area 177 

Conic’ (crs = “ESRI 102033”). Based on herbarium records retrieved from GBIF, we calculated for each 178 

grid cell the proportion of accepted species relative to the total number of names (i.e., accepted 179 

species plus heterotypic synonyms). We also determined the average proportion of accepted species 180 

for all cells, within latitudinal and longitudinal bins of 100 km. The map of proportion of accepted 181 

species was obtained for two distinct periods of time: (1) from 1769 to 1990, and (2) from 1769 to 182 

2020. We chose these periods because they align with substantial changes in the total number of 183 

accepted palm species in Amazonia.  184 

 185 

Correlates of taxonomic lumping 186 

We tested whether taxonomic lumping has been more frequent for species that occupy large 187 

areas, were described in early years, and have a large population. To do so, we tested for correlations 188 

between: (1) number of heterotypic synonyms; (2) year of first taxonomic description; (3) size of the 189 

species geographic range; (4) number of individuals; and (5) estimated population size for each 190 
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accepted species. Pearson correlation coefficients were calculated using the function corphylo in the 191 

‘ape’ R package [42]. The phylogenetic relationship among species was extracted from the Maximum 192 

Clade Credibility phylogenetic tree for palms proposed by Onstein et al. [43]. These correlations reflect 193 

to some extent the interplay between species characteristics and taxonomic revisions, as taxonomic 194 

lumping arguably expands species’ geographic ranges and their population size. 195 

The geographic range was calculated based on range maps for Amazonian palms, which were 196 

obtained with the function BIEN_ranges_load_species from the ‘BIEN’ R package [44]. Range maps 197 

were re-projected to South America based on Albers Equal Area Conic projection. We then calculated 198 

the area (km2) of polygons representing the known range of a species. We considered the entire 199 

geographic range of each species, encompassing Amazonia and other biomes in the Neotropics. As 200 

these maps are based on collection localities of herbarium vouchers, their accuracy depends on the 201 

number of vouchers available [44]. Range maps was available for 155 species of the 175 species in our 202 

dataset. 203 

The observed and estimated population size were obtained from ter Steege et al. [15]. 204 

Observed population size represents the abundance of individual species observed in 1170 tree 205 

inventory plots established across Amazonia, whereas the estimated population size was obtained by 206 

modelling species abundance and density for Amazonia [see 15 for details]. Observed and estimated 207 

population size was available for 57 species of the 175 species in our dataset. 208 

 209 

Results 210 

Our dataset contains 1460 unique names, including 175 accepted species and 1285 names 211 

that comprise both homotypic and heterotypic synonyms, as well as unplaced names or designations 212 

(e.g., orthographic variants, illegitimate names, or nomina nuda). Of the 175 accepted species, 68 had 213 

no synonyms or only homotypic synonyms, while 107 were associated with a total of 952 heterotypic 214 

synonyms. For 940 of these heterotypic synonyms, we were able to retrieve both the year of 215 

publication and the year of synonymization. Among the heterotypic synonyms, 136 represented 216 

varieties or subspecies, and 804 were species-level heterotypic synonyms linked to 102 accepted 217 

species (Appendix S2). We successfully obtained the year of publication and the year of 218 

synonymization for 798 of the 804 species-level heterotypic synonyms (table S2). For brevity, we refer 219 

to these 804 species-level heterotypic synonyms as heterotypic synonyms. 220 

 221 

How did the counts of accepted species vary over time across Amazonia?  222 

Our results show that species counts can vary significantly before and after a major taxonomic 223 

revision. The current number of 175 accepted species for the Amazonian palm flora is comparable to 224 
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the count in the 1850s (Fig 1a), with the difference that in the 1850s there was not a single heterotypic 225 

synonym registered, whereas now there are 804. This indicates that the gradual accumulation of new 226 

species descriptions over two centuries has been compensated by taxonomic lumping, most of which 227 

occurred after 1990. 228 

The number of Amazonian palm species increased steadily from the late 1700s until the mid-229 

1960s and reached its maximum in 1966 when 854 taxa were recognized as distinct species. After 230 

nearly two centuries of adding almost continuously new descriptions, taxonomic lumping reversed 231 

this trend and led to an 82% decline in the overall number of accepted species in just three decades 232 

(figure 1a). The first significant drop, from 854 to 802 species, occurred in 1968 due to the work of Jan 233 

Gerard Wessels Boer [31]. The second drop was more substantial, with the number of accepted palm 234 

species declining by 79% from 787 in 1990 to 206 in 1995. This reduction stemmed mainly from 235 

synonymizations proposed by Henderson [18] and Henderson et al. [24]. The third and most recent 236 

drop in the number of accepted species (from 206 to 175) occurred in 2020, and coincided with the 237 

lumping proposed for Attalea Kunth [32] . In brief, counting Amazonian palm species in the mid-1990s 238 

and in 2020 would yield two very different totals, 731 and 175 respectively, which differ by a factor of 239 

4.5 despite being only three decades apart (figure 1b). This striking observation underscores how 240 

critical taxonomic revisions are for obtaining accurate species counts. It also shows that taxonomic 241 

revisions can have significant knock-on effects on macroecological analyses, conservation 242 

assessments, and any analyses that rely on species identity and counts. 243 

 244 

 245 

Figure 1. Timeline of accepted species for the Amazonian palm flora. a) Number of accepted taxa 246 
over time, red dots mark the year of major taxonomic works; b) Number of described taxa per year 247 
that are accepted (yellow) versus not accepted (blue) in 2020. 248 

 249 

Of the 34 Amazonian palm genera, 11 reached their current species number in the 1990s and 250 

another 14 in the 2000s (figure 2a). Attalea, Iriartella H.Wendl. and Syagrus Mart. were the latest to 251 

reach their current number of accepted species, doing so in 2020. In contrast, Raphia P.Beauv. and 252 
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Wettinia Poepp. ex Endl. were the earliest, reaching their current total before the 1900s. As the 253 

abundance of species can vary across geographic regions, different regions may reach their current 254 

number of accepted species at different times. We find that current species numbers were reached 255 

recently across most of Amazonia, with the exception of the central Amazon (figure 2b). In this region, 256 

frequently recorded genera had already reached their current number of accepted species around 257 

1940. 258 

 259 

 260 
 261 
Figure 2. Timeline of accepted species across genera in Amazonia. a) Number of accepted species by 262 
genus over time; pink dots mark when the current number of accepted species was reached, blue to 263 
yellow squares indicate the number of accepted species. b) Map depicting the median year in which 264 
the genera recorded in each grid cell reached their current number of accepted species, with light 265 
colours indicating more recent years. 266 
 267 

How did the proportion of accepted species vary over time across Amazonia?  268 

The proportion of accepted species in all described taxa mirrors the trend in taxonomic lumping 269 

described above. Overall, this proportion has remained relatively stable over 200 years and only 270 

started to decrease in the late 1960s. However, a more detailed examination suggests that lumping is 271 

less frequent in recently described species than those described earlier (Figs. 3a and 3b). Nearly 80% 272 

of the species described after the 1990s are still considered accepted to date. This share is only 40% 273 

for taxa described between 1950 and 1980. Among the three most species-rich tribes, Geonomateae 274 

has the highest share of species that remain accepted (figure 3c).  275 

  276 
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 277 

Figure 3. Temporal decay in the proportion of accepted species. (a) all taxa (oscillating grey line 278 
results from large changes in the proportion of accepted species after the 1990s); (b) all taxa grouped 279 
into cohorts based on the year they were described; (c) taxa belonging to one of the three most 280 
species-rich palm tribes (Cocoseae, Euterpeae, or Geonomateae) 281 
 282 

Considering the spatial context, in 1990, the proportion of accepted species in described taxa 283 

was rather homogeneous and close to 1 across the entire Amazon (figure 4a). However, in the 2020s, 284 

this proportion decreased to between 0.1 and 0.4 throughout the entire region (figure 4a and 4b). A 285 

comparison of two maps for 1990 and 2020 reveals that species that are typically found in Western 286 

Amazonia are associated with a particularly high number of heterotypic synonyms. Relevant genera 287 

include Attalea, Bactris and Geonoma Willd., which reached a particularly high number of synonyms 288 

after the 1990s (Fig 4c and 4d). These results show that taxonomic revisions are not homogeneous 289 

across space, time, and taxonomic groups. Rather they occur at distinct moments in time with 290 

substantial impacts that vary across regions and genera.  291 

  292 
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 293 

 294 
Figure 4. Proportion of accepted species in all described taxa (accepted species and heterotypic 295 
synonyms). Maps depict proportions for 1990 (a) and 2020 (b). Lighter shades represent a lower 296 
proportion of accepted species (i.e., more heterotypic synonyms per accepted species), while darker 297 
shades represent a higher proportion. Histograms show the mean proportion of accepted species for 298 
each longitudinal and latitudinal band of 0.9 degrees (100 km). Scatterplots show the number of 299 
accepted species versus heterotypic synonyms recognized in 1990 (c) and in 2020 (d); black line 300 
indicates a 1:1 ratio. 301 
 302 
How long can it take to recognize an accepted species as a synonym? 303 

For Amazonian palms, it took anything from 3 to 227 years to detect a heterotypic synonym (median 304 

= 79 years). The time required to detect synonyms depends on the age of the taxonomic descriptions 305 

and the tribe to which the species belongs to. It has taken 79 years to detect about half of all currently 306 

recognized heterotypic synonyms. An additional 147 years was required to detected the other half 307 

(table 1; figure 5a). For taxa described before the 1900s, it has taken on average 114 years to identify 308 

half of them as synonyms and a total 220 years to detect all synonyms (figure 5b). The detection time 309 

is shorter for more recently described taxa. For example, it only took an average of 26 years to detect 310 
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synonyms among palms described between 1951 and 1980, and 18 years for those described between 311 

1991 and 2012. The time lag between the first taxonomic description and synonymization also varies 312 

depending on the palm tribe. Among the top three tribes in terms of number of species, Euterpeae 313 

and Geonomateae had half of their synonyms detected approximately 60 years after description. In 314 

contrast, Cocoseae had half of the synonyms detected on average 90 years after description (figure 315 

5c). The average time to detect heterotypic synonyms within each tribe ranged from 60 316 

(Lepidocaryeae) to 164 years (Leopoldinieae). This result shows that there are prolonged periods 317 

without taxonomic revisions. During these periods, species counts can be highly uncertain, as 318 

potential heterotypic synonyms remain “hidden” among the accepted species. 319 

 320 

Table 1. Summary statistics of Kaplan-Meir curves, indicating the time to detect heterotypic synonyms 321 
of Amazonian palms. 322 

 N heterotypic 
synonyms 

Time to detect 
50% of all 
heterotypic 
synonyms 

Time to detect the 
first 10% of all 
heterotypic 
synonyms 

Time to detect the 
last 10% of all 
heterotypic 
synonyms 

All  heterotypic 
synonyms 

798 79 38 138 

Taxa described until 
1900 

422 114 84 152 

Taxa described between 
1901 and 1950 

327 61 40 67 

Taxa described between 
1951 and 1980 

34 26 7 32 

Taxa described between 
1981 and 2012 

15 18 10 18 

Cocoseae 505 90 5 138 
Euterpae 56 63 44 125 
Geonomateae 101 65 29 138 

 323 

  324 
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 325 

Figure 5. Time-lag between species description and synonymization. Kaplan-Meier curves for (a) all 326 
heterotypic synonyms, (b) by cohorts according to year of taxonomic description, and (c) heterotypic 327 
synonyms associated with accepted species belonging to Cocoseae, Euterpeae, or Geonomateae. 328 
Curves reach zero (y-axis) because only heterotypic synonyms were considered in this analysis. 329 
 330 
Which factors are associated with taxonomic lumping? 331 

Species that were early-described, are widespread and have a large population tend to have 332 

a higher number of heterotypic synonyms (Table2). This finding may indicate that such species are 333 

more subject to taxonomic lumping. However, it could also point to a reversed causality through which 334 

species reach a large geographic range and population size simply as a result of recurrent taxonomic 335 

lumping. Additionally, we found that widespread and abundant species tend to be described earlier 336 

(Table 2). 337 

 338 

Table 2. Pearson correlation coefficients and significance levels (***p < 2.2e-16; **p < 0.001; *p < 339 
0.01).  340 

Parameter 
Number of 
heterotypic 
synonyms 

Size of 
area of 
occupancy 

Year of 
description 

Number of 
individuals 

Population 
size 

Number of 
heterotypic 
synonyms 

1 
   

 

Size of area of 
occupancy  

0.6*** 
1   

 

Year of 
description 

-0.2*** 
-0.5*** 1  

 

Number of 
individuals  

0.4** 
0.4*** -0.4** 1 

 

Population size 0.2** 0.4*** 0.01* 0.9*** 1 

 341 

Discussion 342 

Our study shows that the impact of taxonomic progress on species richness is substantial but 343 

not homogeneous across time, space, and palm taxa. Over the past two and a half centuries, 344 

taxonomic descriptions of Amazonian palms have steadily accumulated, while lumping occurred 345 

through distinct and comprehensive taxonomic revisions published mostly after 1990 [18,24]. As a 346 

result, more than 800 heterotypic synonyms remained unrecognized for periods ranging from a few 347 
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years to more than two centuries.  Lumping has been recurrent for species described in early years, 348 

that occupy a large area and have a large population. Moreover, species that typically occur in Western 349 

Amazonia were subject to more taxonomic lumping than species that occur elsewhere in Amazonia. 350 

Currently, accepted species represent only 12% of all described names. The observed taxonomic 351 

lumping might even be, to some extent, excessive because some palm lineages might harbour cryptic 352 

species [45]. Our results show that taxonomy is far from static. Palms have benefited from a well-353 

connected community of taxonomists and ecologists, and a species-level phylogeny will soon be 354 

completed [46]. Thus, future progress will continue to refine species boundaries as new data and 355 

methods emerge. We think, however, that further extensive lumping of Amazonian palms appears 356 

unlikely. Next, we discuss how shifts in species number and identity due to taxonomic changes may 357 

influence macroecological and conservation analyses. 358 

 359 

Taxonomic progress and its impact on the Amazonian palm flora  360 

The current Amazonian palm flora, comprising 175 accepted species, resulted from a gradual 361 

accumulation of species descriptions and distinct events of taxonomic lumping through which ca. 800 362 

heterotypic synonyms were detected. Thus, the Amazonian palm flora has not been growing 363 

continuously through the accumulation of new species descriptions. It is also not the result of a ‘zero-364 

sum game’ through which increases in species numbers from descriptions of new species are directly 365 

balanced by reductions in species numbers caused by taxonomic lumping (Fig 1b). Instead, new 366 

species were added, and previously accepted species were refuted unevenly across taxa, geographic 367 

regions, and time. 368 

Changes in species taxonomy arise from evolving taxonomic practices [47]. Before the 1950s, 369 

species-level taxonomy for palms was in a “state of chaos” as remarked by Henderson and colleagues 370 

(1995) [24]. Early taxonomists, such as J. Barbosa Rodrigues (1842 - 1909), L. H. Bailey (1858 – 1954), 371 

and C. E. M. Burret (1883 - 1964) accepted minimal morphological variation within species and 372 

described nearly every specimen as a new species. It was only in 1968 that J. Wessels Boer (1936 - 373 

2019) initiated major synonymizations for Geonomoid palms (figure 1). In the 1970s, taxonomy shifted 374 

in Latin America from local, country-specific studies to a regional, monographic approach driven by 375 

the Flora Neotropica project. This initiative, involving taxonomists working across 30 countries [48], 376 

encouraged the study of morphological variation across broad geographic ranges and influenced 377 

subsequent taxonomic revisions, including those of Henderson and colleagues [18,24,32,32,32,49–378 

52]. For example, revisions of Geonoma (68 species) and Attalea (30 species) are based on the analyses 379 

of morphological characters of 4,990 and 902 specimens, respectively. In result, 96% of palm species 380 

described by C. E. M. Burret were synonymized between the 1960s and 2000s.  381 
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The recent lumping is not restricted to Amazonian palms. Guatteria Ruiz & Pav. (Annonaceae), 382 

for example, lost the status of the most species-rich genus of woody Neotropical trees after significant 383 

taxonomic lumping in 2015 [53]. Other groups of tropical plants experienced similar lumping. The large 384 

genus Myrcia DC. ex Guill. (Myrtaceae), includes several species that have been described multiple 385 

times and were later synonymized [54]. To date, Myrcia guianensis (Aubl.) DC., for example, is 386 

associated with approximately 150 heterotypic synonyms [55]. In this context, it is interesting that at 387 

global scale, the overall number of accepted plant species is still increasing [56]. This increase is well-388 

documented and results mostly from new species descriptions [57]. However, the extent to which 389 

lumping offsets this growth is difficult to track and quantify because taxonomists are not required to 390 

explicitly record in the taxonomic literature (e.g., botanical monographs) the proposal of heterotypic 391 

synonyms  [58]. 392 

For seed plants, it is estimated that accepted species account for 34% [59] to 40% [6] of all 393 

taxonomic descriptions for this group, indicating that more than half of the described taxa were at a 394 

later point synonymized. These numbers are roughly twice as high as the 21% observed here for 395 

Amazonian palms (considering only heterotypic synonyms). Multi-taxa comparisons of synonym rates, 396 

however, typically do not distinguish between homotypic and heterotypic synonyms [58,60]. While 397 

homotypic synonyms arise when a species is reassigned to another genus heterotypic synonyms result 398 

from changes in the delimitation of a given species. By explicitly distinguishing between these two 399 

types of synonyms when calculating synonym rates, we can improve our understanding of how 400 

changes in taxonomy, whether due to changes in delimitation or reassignments, affect species counts 401 

across taxa. 402 

 403 

Taxonomic lumping across taxa and regions  404 

Taxonomic lumping has been more frequent for palm species that occupy large areas and have large 405 

populations. This finding is expected because taxa covering larger areas tend to show higher 406 

morphological variation due to a higher diversity of environmental conditions [61]. Particularly, flower 407 

morphology within species can vary substantially with climate, soil, and pollinator communities [62]. 408 

The resulting morphological plasticity can lead to independent taxonomic descriptions, which were 409 

likely prevalent in early years when the exchange of botanical information was limited and taxonomic 410 

studies had a restricted geographic scope. However, one could also argue that the causality is 411 

reversed. Both large phenotypic variation and broad range size could themselves be the consequence 412 

of taxonomic lumping. Therefore, our statistical analysis leaves room for interpretation and ambiguity 413 

regarding the actual causes and effects of taxonomic lumping.  414 
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Our data also show that western Amazonia harbours species that were subject to recurrent 415 

taxonomic lumping, reflecting a more complex taxonomic history in this region than elsewhere in 416 

Amazonia. This complexity may stem from the geo-political configuration of Western Amazonia, which 417 

includes several cross-country borders. Before the 1970s, the focus of botanical monographs on 418 

individual countries may have hindered exchange of botanical information and increased the 419 

likelihood of independent descriptions of the same taxa. However, many species that were later 420 

synonymized had been described based on specimens sent to C. E. M. Burret at the Herbarium 421 

Berolinense in Berlin (Germany) or to L. H. Bailey at the Hortorium Herbarium in Cornell (USA) [24]. 422 

Many of Burret’s type specimens were destroyed during World War II [51], complicating efforts to 423 

trace back the actual collection locations. As a result, it remains challenging to determine how 424 

taxonomic practices contributed to an over-description of species in western Amazonia. 425 

An alternative  explanation for the high number of heterotypic synonyms in Western 426 

Amazonia is that the region comprises recently diverged lineages that diversified within the region's 427 

mosaic of habitat and fertile soils [63]. These lineages, initially described as distinct species, 428 

underscore the difficulty of defining species boundaries for closely related groups [47]. This suggests 429 

that the higher than expected species richness of palms in Western Amazonia [64] might need to be 430 

re-evaluated using post-2007 taxonomic revisions—such as updates for Attalea [32], Bactris [50], 431 

Desmoncus [49], and Geonoma [52]. Such research could determine whether the excess palm richness 432 

in Western Amazonia is caused by ecological and evolutionary processes or to some extent by 433 

taxonomic artefact. 434 

If taxonomic lumping is not random across taxa and regions – as we observe here – and taxa 435 

show a strong spatial phylogenetic structure [65], then regions have reached their current number of 436 

accepted species at different points in times. Genera that typically occur in central Amazonia have 437 

reached their current number of species 50 years earlier than those occurring in other Amazonian 438 

regions. This observation may be influenced by the high frequency of Elaeis oleifera (Kunth) Cortés 439 

recorded in central Amazonia. Elaeis Jacq. is a genus with one single accepted species in the Americas 440 

[24] that is mostly recorded in central Amazonia [66]. By contrast, Geonoma and Bactris, which are 441 

recorded more frequently in Western Amazonia, are among the most species-rich genera of 442 

Amazonian palms and have a high number of heterotypic synonyms. It is important to note that the 443 

map depicting when genera reach their current number of species (figure 2b) is draw from digital 444 

herbarium specimens and thus is subject to incompleteness and biases. Palms are particularly 445 

underrepresented in herbaria, as their often large and spiny leaves are difficult to collect and transport 446 

[24]. Moreover, both palm inventories and taxonomic studies have been particularly abundant in 447 

western Amazonia in the last 30 years [67], which may have led to more species descriptions and 448 
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detection of synonyms over time. Taken together, these observations highlight the importance of 449 

considering the status of taxonomic research when interpreting broad-scale patterns of species 450 

richness and turnover in species composition [68]. 451 

 452 

Timing of taxonomic lumping 453 

Our results show a large variation in the time heterotypic synonyms remain undetected, with recently 454 

described taxa being recognized as heterotypic synonyms more quickly than older ones. Moreover, 455 

taxa belonging to the tribes Euterpae or Geonomateae are recognized as heterotypic synonyms on 456 

average 100 years earlier than those belonging to the Cocoseae, which includes some of the most 457 

species-rich genera of Amazonian palms, such as Attalea and Bactris. The temporal variation arises 458 

because most synonyms were proposed in a few distinct taxonomic revisions: Amazonian palm flora 459 

in 1995 [18,24], Bactris in 2000 [50], Geonoma in 2011 [51], and Attalea in 2020 [32]. Thus, the time 460 

required to detect synonyms in Amazonian palms has been determined by how many years passed 461 

between the first species description and rather singular and comprehensive revision events.  462 

These results suggest that heterotypic synonyms can remain hidden for long periods and may 463 

even remain unrecognised, given the limited taxonomic coverage in botanical monographs [69]. Yet, 464 

a detailed understanding of temporal trends in the detection of synonyms, especially for heterotypic 465 

synonyms, is needed for a broader range of taxa. A comparative analysis, particularly across tropical 466 

plants, could provide valuable insights into uncertainty on species counts and identity that may arise 467 

from the lack of revisionary work. 468 

 469 

Taxonomic lumping and hyperdominance in the Amazonian palm flora 470 

Palms are among the most dominant species in the Amazonian tree flora [15]. The extent to which 471 

changes in species delimitation affect dominance patterns is subject to ongoing discussions [9]. If an 472 

accepted species resulted from the lumping of several species, this accepted species will have a larger 473 

population and a wider geographic range than before the lumping. Such a species could then also 474 

become hyperdominant. For palms we observed a moderate correlation (r = 0.4) between the number 475 

of heterotypic synonyms and the estimated population size, suggesting that taxonomic lumping, to 476 

some degree, may influence the current pattern of species dominance. Given the substantial lumping 477 

proposed for Amazonian palms, we expect that further lumping is unlikely to happen in the near 478 

future. Consequently, changes in species dominance may arise if future research uncovers cryptic 479 

species within large populations. Recent molecular evidence suggests that Astrocaryum murumuru 480 

Mart., with four heterotypic synonyms and an estimated population of 2.4 billion individuals [15], 481 

could potentially include such cryptic species [45]. This could justify a re-evaluation of species 482 
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boundaries within this group. However, it is not possible to draw general conclusions about the 483 

relationship between hyperdominant species and taxonomic lumping or taxonomic splitting, which 484 

can reveal cryptic species. Both lumping and splitting depend on taxonomic practices and species 485 

characteristics, which vary across taxonomic groups and geographic regions [47]. For example, 486 

Eschweilera coriacea (DC.) S.A.Mori (Lecythidaceae), another hyperdominant species, has undergone 487 

several lumping events and recent molecular analysis indicates that E. coriacea is indeed a single 488 

species [9,70]. 489 

 490 

Way forward: bridging taxonomy and macroecology 491 

Our study uncovers temporal trends in the taxonomy of Amazonian palms, that is, the change 492 

in the number of accepted species across, time, regions, and genera following taxonomic revisions. 493 

For palms, the impact of revisions is substantial. However, the identified trends may not apply to other 494 

plant groups, as rates of species description and synonymization are uneven across regions and 495 

genera. To our knowledge, no studies have tracked timing of taxonomic lumping for other plant taxa, 496 

leaving it unclear how an evolving species taxonomy affects broad-scale patterns of plant richness and 497 

composition in Amazonia. This shortcoming has implications for conservation analyses. If lumping is 498 

prevalent, it may reduce species rarity [9], endemism [10], and floristic turnover [71]. Conversely, 499 

frequent species discoveries and taxonomic splitting may increase these parameters [72]. The extent 500 

to which opposing trends balance out across space and time remains unquantified for a large number 501 

of taxa [73]. 502 

Many tropical plants lack recent taxonomic revisions [69], and a small proportion of new 503 

species descriptions are supported by molecular data [74]. Thus, hidden synonyms and cryptic species 504 

will continue to bias broad-scale, multi-species ecological studies for the decades to come. This bias 505 

cannot be completely eliminated but, as we show here, it can be measured, thereby providing a 506 

baseline reference to quantify uncertainty in biogeographical, evolutionary, and macroecological 507 

analyses. The emergence of nomenclatural data infrastructures offers promising avenues for 508 

addressing this challenges.  509 

A growing number of data infrastructure supports handling complex taxonomic data [75]. 510 

These infrastructures enables plant ecologists to explore data ontologies and taxonomic terminology 511 

to map when and how often species limits have been redefined [76]. A significant challenge is that 512 

recognizing heterotypic synonyms — unlike describing new species or designating homotypic 513 

synonyms — is not a mandatory nomenclatural act. This means that the way and extent to which 514 

heterotypic synonyms is documented in the taxonomic literature depends on the reporting practice 515 

of each individual taxonomist [58]. Consequently, it non-trivial to determine, across many taxa, when 516 
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lumping occurred and how it influences species counts and identity. Undertaking this task not only 517 

requires close collaboration between ecologists and taxonomists but also calls for publishing or 518 

converting taxonomic literature in a machine-readable format. Yet, several taxonomic journals still 519 

publish articles only as portable document format (PDF), which demands substantial effort to make 520 

key information, such as synonymizations, easy to reuse [77]. Recently developed tools and services 521 

(e.g., Plazi [77] and PlutoF [78]) start to streamline this process. While their current application is still 522 

modest, they represent an important step towards a broader use of taxonomic information [79]. 523 

 524 

Concluding remarks 525 

Taxonomic progress is often thought of as a steady process of accumulating newly described 526 

species. However, the case of Amazonian palms suggests this view captures only part of the picture.  527 

We find that a few single revision events between the 1990s and 2000s have caused an abrupt 528 

reduction in species numbers, with uneven effects across genera and regions. Importantly, around 529 

800 heterotypic synonyms remained undetected for up to two centuries. Our study suggests that 530 

variability in taxonomic revisions, in terms of timing and effect, may be observed for other plant 531 

groups as well. As taxonomy affects the richness, abundance, and geographical range of species, its 532 

impact should be considered in macroecological models and conservation planning. Our study 533 

highlights how much taxonomic revisions can affect our understanding of biodiversity. Without them, 534 

we risk building our ecological analyses and conservation assessments on shaky ground. 535 

 536 
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