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Palms are one of the most common tropical plant groups. They are widespread across lowland tropical forests, but many are found in higher altitudes have more constrained environmental ranges. The limited range of these species makes them particularly useful in paleoecological and paleoclimate reconstructions. Palms produce phytoliths, or silica structures, which are found in their vegetative parts (e.g., wood, leaves, etc.). Recent research has shown that several palms in the lowland tropical forests produce phytoliths that are diagnostic to the sub-family or genus-level. Here we characterize Andean palm phytoliths, and determine whether many of these species can also be identified by their silica structures. All of our sampled Andean palm species produced phytoliths, and we were able to characterize several previously unclassified morphotypes. Some species contained unique phytoliths that did not occur in other species, particularly Ceroxylon alpinium, which is indicative of specific climatic conditions. The differences in the morphologies of the Andean species indicate that palm phytolith analysis is particularly useful in paleoecological reconstructions. Future phytolith analyses will allow researchers to track how these palm species with limited environmental ranges have migrated up and down the Andean slopes as a result of past climatic change. The phytolith analyses can track local-scale vegetation dynamics, whereas pollen, which is commonly used in paleoecological reconstructions, reflects regional-scale vegetation change.
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INTRODUCTION

Arecaceae (palms) is a family of monocotyledonous plants that are important components of tropical ecosystems (Kahn and Mejia, 1990; Henderson et al., 1997; Phillips and Miller, 2002; Kahn and De Granville, 2012). Many palm species are widely distributed in the Neotropics, and belong to the most commonly found plants in Amazonian rainforests (Pitman et al., 2001; Vormisto et al., 2004; ter Steege et al., 2013). Many palms are also economically important for people, both in the modern era and in the past (Smith, 2014). Some of the earliest archaeological sites in the Andes and the Amazon contain evidence of a wide variety of palms consumed by people (Morcote-Rios and Bernal, 2001; Gnecco, 2003; Mora and Camargo, 2003). Some palm species, however, have constrained environmental tolerances or tend to be quite rare in the landscape, particularly in the mid-elevation regions (i.e., 1,000–3,000 m above sea level, hereafter masl) along the eastern Andean flank (Moraes et al., 1995; Henderson et al., 1997). Because the specific environmental optima vary between Andean palm species, palms are also important indicators of past climatic and ecosystem change in palaeoecological records (Bush et al., 2005, 2011; Schiferl et al., 2017)(Huisman et al., in revision).

Phytoliths are silica microfossils produced by many plant groups that can preserve in soils and lake sediments for millions of years (e.g., Strömberg, 2004; Piperno and Sues, 2005; Prasad et al., 2005; Piperno, 2006; Strömberg and McInerney, 2011). Phytoliths are commonly used in paleoecological and archaeological reconstructions, and provide evidence of local-scale vegetation dynamics because they are typically deposited directly beneath the parent plant when it dies and decays (Piperno, 2006). Palms are known to be particularly prolific phytolith producers, and can often be identified to the sub-family or genus level (Piperno, 2006; Morcote-Ríos et al., 2016).

There have been recent advances in the ability to identify palm phytoliths in tropical settings, particularly in the Amazonian lowland forests, and in an archaeological context (Morcote-Ríos et al., 2016). The phytoliths of Andean palm species, however, remain relatively unstudied. Most palaeoecological reconstructions of climatic change in Andean systems use pollen, which can travel >10 km from the source plant. Thus, the ability to identify phytoliths of Andean palms with narrow environmental ranges would be highly advantageous in generating local-scale reconstructions of past climatic change in Andean systems. Here, we characterize the phytolith morphology of 12 species of Andean palms using herbarium specimens, to provide a foundation for future paleoecological and archaeological reconstructions in these highly diverse and vulnerable ecosystems.

METHODS

We collected herbarium species of Andean palm species from the Naturalis Herbarium in Leiden, The Netherlands. We obtained leaves, seeds, wood, and flowers (based on availability) of 12 palm species known to occur in mid-elevation Andean forests from 1,000 to 3,000 masl (Moraes et al., 1995; Henderson et al., 1997; Table 1). If the Andean species were unavailable, other available species within the same genus were collected (Table 1).


Table 1. Herbarium material sampled from palm species occurring on the eastern Andean flank between 1,000 and 3,000 m above sea level (masl).
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Prior to preparation, the dry plant material was ground and heated to 450°C for 10 h. The samples were prepared by soaking in 33% hydrogen peroxide (H2O2), followed by 10% hydrochloric acid (HCl), and then potassium manganate (KMnO4) to break down the organic material. They were mounted in Naphrax and heated on a boiling plate to stabilize the material.

All samples were analyzed under a Leica Axiophot microscope with differential interference contrast (DIC) at 630x magnification using immersion oil. Categorization was based on Morcote-Ríos et al. (2016), but new (sub)categories were created for newly identified morphotypes. A total of 300 phytoliths was counted per sample to quantify the relative abundances of morphotypes. At least 30 phytoliths were measured per morphotype to obtain size ranges. Phytoliths were photographed using a Fujifilm X-E2 camera and Zeiss Universal microscope (DIC, Plan-Neofluar 63/1.4) and edited in Adobe Lightroom CC, Adobe Photoshop CC, CorelDraw and Helicon Focus.

RESULTS

All species and plant parts sampled produced abundant phytoliths, and contained one to four morphotypes (Table 2). We identified several new subtypes of globular echinate and conical morphotypes, which were previously characterized by other researchers (e.g., Piperno, 2006; Morcote-Ríos et al., 2016; Figure 1). The newly identified subtypes were defined by the following characteristics:

1. Globular echinate variant 1: Regularly arranged projections (Figure 1A). This globular echinate subtype contained clear projections that were roughly evenly distributed on the surface. Some variation in size and number of projections occurred, but they were always clearly visible and consistently shaped on the same phytolith. Size: 4–18 μm. This subtype was found in Euterpe and Hyospathe (Table 2). Photo: Euterpe precatoria, seed.

2. Globular echinate variant 2: Crowded projections (Figure 1B). This subtype appeared “hairy” due to its high density of projections. Individual projections were clear, with tapered ends, but the denser and seemingly chaotic coverage distinguished this type from variant 1 (Figure 1A). Size: 4–10 μm. This subtype was restricted to Ceroxylon (Table 2). Photo: Ceroxylon alpinum, woody parts.

3. Globular echinate variant 3: Irregular projections (Figure 1C). This subtype was distinguished by its irregularly shaped and arranged projections. They were relatively few in number and of different sizes on the same phytolith, and irregularly placed on the surface, giving a starry rather than round overall appearance. Size: 4–15 μm. This subtype was only found in Euterpe (Table 2). Photo: Euterpe precatoria, leaf.

4. Globular echinate variant 4: Short, bold projections (Figure 1D). This subtype appeared similar to the “globular echinate with dense short projections” described by Morcote-Ríos et al. (2016). It also appeared similar to the “large globular echinate” described by Dickau et al. (2013) and Watling et al. (2016), but smaller in size. This phytolith type contained many very small, bold projections. Due to the high number and stubby shape of the projections it did not have the typical thorny echinate outline. Size: 6–14 μm. This subtype was found in Ceroxylon and Euterpe (Table 2). Photo: Ceroxylon alpinum, wood.

5. Large globular granulate (Figure 1E). This type was clearly distinguished by its significantly larger size and surface ornamentation. Its projections were very short and of different shapes, all very granulate and often with multiple small mounds on top or in between. They were unevenly distributed across the surface of the phytolith. Due to the granulate and unsharp character of the projections we did not name this type “echinate.” It was more similar in size though had different projections than the previously described “large globular echinate” (Dickau et al., 2013; Watling et al., 2016). Size: 18–38 μm. It was a relatively rare type among the other echinate variants, but easy to recognize and therefore very diagnostic. This subtype was only found in leaves of Euterpe (Table 2). Photo: Euterpe precatoria, leaf.

6. Globular echinate elongate variant 1: elliptical (Figure 1F). This elongated echinate had an oval shape with curved sides. Some were more elongated than others, but they always presented curved sides accounting for the elliptical shape. Length axis: 7–17 μm. This subtype was found in Ceroxylon, Euterpe, and Hyospathe (Table 2). In Ceroxylon, the projections were generally shorter than in Hyospathe and Euterpe. Photo: Euterpe precatoria, wood.

7. Globular echinate elongate variant 2: straight (Figure 1G). The elongated sides of this variant were straight, as opposed to the curved sides of variant 1 (Figure 1F). This gave a more long, stretched, and bar-like overall shape. This variant contained well-pronounced, irregularly distributed projections. Length axis: 6–14 μm. This subtype was abundant in Hyospathe and found in fewer numbers in the woody parts of Euterpe (Table 2). Photo: Hyospathe elegans, leaf.

8. Reniform echinate variant 1: thick (Figure 1H). This subtype was a curved echinate. The curviness and thickness varied per phytolith, but they were much thicker and mostly bigger than the reniform type described by Morcote-Ríos et al. (2016). Longest axis: 4–16 μm. This subtype was found in Ceroxylon, Hyospathe, and Geonoma, although less frequently in Geonoma (Table 2). Photo: Hyospathe elegans, leaf.

9. Conical variant 1: few (3–6) projections arranged around the top (Figure 1I). This conical phytolith had the typical conical overall shape. Its projections were few in number (3–6), and they were arranged around the top in a roughly circular arrangement. In most cases the projections were pronounced and easily discernible. Diameter/base length: 5–18 μm. This subtype was found in Bactris, Dictyocaryum, Iriartea, and Socratea (Table 2). In Dictyocaryum and Socratea, sizes were fairly consistent, with ca. 10 and 15 μm base length, respectively. Iriartea sizes were consistently 15–18 μm, and Bactris presented highly variable sizes. Photo: Dictyocaryum fuscum, leaf.

10. Conical variant 2: many (8–20) projections arranged densely on top (Figure 1J). This conical subtype had more projections (8–20) than the former subtype, which were arranged densely on the top of the phytolith. In some cases, the projections were pronounced and easily discernible despite being densely packed, but in other cases they were blunter. The overall shape could be round, with a very gradual transition to the top part containing the projections (as in Figure 1J), but also elongated. In that case the bottom part could be extensively elongated and relatively flat, with the elevated top part being reduced to a small, bulblike arrangement of projections (Figure S1). Diameter/base length: 7–24 μm. This subtype was found in Chamaedorea, Aiphanes, Bactris, and Wettinia (Table 2). Bactris simplicifrons presented very round, high, pointy bodies that were larger than found in other species with this subtype (18–24 μm). In Chamaedorea, this subtype had a consistent size of ca. 10 μm and was not as pointy, but rather round in overall shape. Chamaedorea and Aiphanes showed more variation within this subtype. Photo: Chamaedorea pinnatifrons, leaf.

11. Conical variant 3: flat or plateaued, projections arranged randomly on top surface (Figure 1K). This subtype hardly showed a conical shape, and its overall form was flat or plateau-like. It was often elongated, but in contrast to the former described subtype, it did not possess the bulblike, elevation top part with projections. Instead, it often showed smaller, bold, randomly placed projections on the top surface. In some cases, the projections were centered in a slightly elevated part or appeared seemingly ridge-like on top of an elongated body. In other cases, the projections occurred on top of a flat overall appearing body. The bottom often looked crumbly or crenate and showed many different shapes, contributing to the high overall variation. Due to its often very small projections and hardly conical shape, this type tended to resemble rugose spheres, which represent arboreal taxa (Piperno, 2006). Diameter/base length: 4–15 μm. This subtype was found in Chamaedorea, Aiphanes, Bactris, Geonoma, Dictyocaryum, and Wettinia (Table 2). Photo: Wettinia hirsuta, seed.

12. Conical variant 4: with basal projections (Figure 1L). This subtype resembled the conical with basal projections type as described by Morcote-Ríos et al. (2016). Its multiple projections extended to the base of the phytolith, thereby covering the entire half of the phytolith. The bottom was similar to other conical variants or appeared jagged compared with other variants. Diameter/base length: 6–15 μm. This subtype was restricted to Geonoma. Photo: Geonoma paradoxa, leaf.
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FIGURE 1. Phytolith morphotypes identified from herbarium material of species that are found in mid-elevation Andean forests (A) globular echinate variant 1: regularly arranged projections; (B) globular echinate variant 2: crowded projections; (C) globular echinate variant 3: irregular projections; (D) globular echinate variant 4: short, bold projections; (E) large globular granulate; (F) globular echinate elongate variant 1: elliptical; (G) globular elongate variant 2: straight; (H) reniform echinate variant 1: thick; (I) conical variant 1: few (3–6) projections arranged around the top; (J) conical variant 2: many (8–20) projections arranged densely on top; (K) conical variant 3: flat or plateaued, projections arranged randomly on top surface; (L) conical variant 4: with basal projections. The scale bar for each phytolith is 5 μm in length.




Table 2. Percentages of phytolith morphotypes found within the plant parts sampled for Andean palm species.
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Most samples contained multiple phytolith subtypes, and there was variation of subtypes within and between species (Table 2). The Ceroxylon alpinum samples produced one or more of the globular echinate or reniform subtypes (Table 2). The seed samples, however, produced only globular echinate variant 2. The Cocoseae tribe samples also contained the globular echinate and reniform subtypes, but only in the Euterpeae and Geonomateae subtribes (Table 2). The leaves of Euterpe produced predominantly globular echinate variant 3, which was absent in Ceroxlyon alpinum. Euterpe seed and wood samples, and Hyospathe elegans leaf samples, had assemblages dominated by globular echinate variant 1 (Table 2). Reniform phytoliths occurred in low abundances in Hyospathe elegans and Geonoma samples (Table 2).

Conical phytoliths occurred primarily in the Iriarteeae and Chamaedoreeae tribes, and the Bactridinae and Geonomatae subtribes of the Cocoseae (Table 2). Leaf samples from Dictyocaryum, Iriartea, and Socratea contained 100% conical variant 1 phytoliths. Bactris simplicifrons also contained conical variant 1 phytoliths, but in lower abundances (Table 2). Chamaedorea pinnatifrons, Aiphanes aculeata, Bactris simplicifrons, and Wettinia hirsuta contained conical variant 2 phytoliths. Those same species, Geonoma undata, and Dictyocaryum fuscum (seeds only) contained conical variant 3 phytoliths (Table 2). Conical variant 4 phytoliths were produced primarily by Geonoma (Table 2).

DISCUSSION

We defined several new subdivisions among the most recently described globular echinate and conical palm phytolith morphotypes (Morcote-Ríos et al., 2016; Figure 1). Our subdivided morphotype categories were based on DIC microscopy using 630x magnification, which was necessary to characterize differences within the broader globular echinate and conical categories, particularly when the phytoliths were ca. 10 μm or smaller (Figure 1). Even with this magnification, it can still be difficult to distinguish surface ornamentation on some of these small phytoliths. We suggest that future identifications of palm phytoliths should be performed using a minimum magnification of 630x, but preferably a magnification of 1,000x. Scanning electron microscopy can also be particularly useful at identifying the nuances of phytolith morphotypes (Bowdery, 2015), though this approach is much more time consuming and may not be feasible when examining more than 250 phytoliths per sample and tens to hundreds of samples per sediment core.

The angle of view can also complicate identification of a single phytolith, especially in fossil samples. Silica-based microfossils are often mounted solidly and cannot be rotated once the mounting solution has dried, which fixes the angle of view. Our observations from the herbarium specimens of Geonoma indicated that the conical with basal projections type can resemble a globular echinate when viewed straight from the top, but it can also appear as an arboreal rugose sphere if positioned upside-down (Figure S2). The reference material from Euterpe precatoria and E. catinga also indicated that symmetry, a feature that was earlier used to distinguish echinate types (Morcote-Ríos et al., 2016), might be hard to determine when the phytoliths dry at different angles in the mounting solution (Figure S3). We therefore suggest to allow for rotation of the phytoliths by analyzing the slides before the mounting solution has fully dried, as we partly did in this study, or by using a non-solidifying mounting medium such as liquid Entellan, glycerine or immersion oil (Cabanes and Shahack-Gross, 2015). However, the refractive indices of these media are similar to phytoliths and can make their overall features less distinguishable (Piperno, 2006). Because symmetry exists along a gradient, and identifying symmetry can also be troubled by damage or deterioration of the phytoliths in fossil samples, we did not include it as a diagnostic feature in our categorization.

Though we have classified new subtypes of phytoliths, the examination of the herbarium material suggested that phytolith morphologies occur as a gradient as opposed to clearly defined differences in types. For example, the newly characterized conical variants presented here are named “conical” following the previously described general category, which has also been called hat-shaped in some literature (Piperno, 2006; Tomlinson et al., 2011; Morcote-Ríos et al., 2016). Our examination of the conical phytoliths, however, revealed that the conical variants 2 and 3 do not always exhibit a true conical shape, and can also exhibit a range of shapes on their base (Figures 1I–K, Figure S1). These variations are mostly found in Chamaedorea, Aiphanes, and Wettinia (Table 2). The flowers of Wettinia hirsuta in particular exhibited a wide variation in shapes of the conical base and in the configuration of projections.

There seems to be a particularly strong gradient in the reniform echinate phytoliths, which ranged from small, thin and highly curved specimens (Figure S4) to large, thick and minimally curved ones (Figure 1H). Ceroxylon, Hyospathe, and Geonoma contained thick reniform shapes, which we identified as reniform echinate variant 1 (Table 2). The smaller, thinner reniform shapes described by Morcote-Ríos et al. (2016) were very rare in our samples, and we suggest those should be considered a different variant (i.e., reniform variant 2). We encountered a few thin reniform-like shapes in the leaves of Geonoma paradoxa; however, some of them appeared more randomly kinked than evenly curved and resembled caterpillar shapes (Figure S4). We are therefore uncertain if these “caterpillar” reniform phytoliths should be considered a separate variant (e.g., reniform variant 3), but we have also encountered them in fossil samples. Future studies focused on these reniform echinate phytoliths will be able to further determine subdivisions.

Geonoma was the only palm genus where conical and reniform echinate phytoliths co-occurred in the same sample. Geonoma was also the only genus where previous studies have reported the rare co-occurrence of conical phytolith with non-conical types (Tomlinson et al., 2011; Morcote-Ríos et al., 2016). In both of those cases, the co-occurrence happened with an echinate subtype that we did not encounter in our samples. We very rarely encountered echinate and conical types in the same phytolith sample apart from in Geonoma samples, and did not include these exceptions in Table 2 because the echinates were so rare and we cannot rule out the possibility of contamination of the herbarium sheets that we sampled. Even though Geonoma produced an array of phytolith subtypes, it was the only genus to produce high amounts of conical variant 4 phytoliths (Table 2). Thus, in eastern Andean forests, high amounts of conical variant 4 phytoliths likely represent Geonoma, a genus of primarily understory palms whose Andean species grow larger than their lowland counterparts (up to 12 cm diameter and 13 m height) (Moraes et al., 1995). Andean Geonoma species are also economically important (e.g., Bernal et al., 2011), so the presence or absence of Geonoma phytoliths from archaeological settings may provide information on its past use and dispersal.

In many samples we encountered individual phytoliths that appeared deformed. This occurred primarily in seeds and woody parts, and much less frequently in leaf samples. Deformations ranged from completely randomly shaped bodies (e.g., wood/seeds of Ceroxylon alpinium, Euterpe precatoria, and Geonoma) (Figure S5) to still recognizable diagnostic types with smaller deformations, e.g., conical phytoliths that were extensively elongated or “tailed” at the base in Dictyocaryum seeds (Figure S6). We did not examine the ratios of the deformed phytoliths within samples, primarily because these ratios would not be applicable in a paleoecological or archaeological context where all phytoliths are intermixed.

Ceroxylon is one of the only palm genera that is more common at higher elevations (i.e., >2,000 masl) than at lower elevations (Moraes et al., 1995). Ceroxylon produced primarily globular echinate phytoliths and fewer reniform echinate phytoliths, as did some of the Euterpeae, which typically grow at lower elevations (Moraes et al., 1995; Table 2). Ceroxylon, however, was the only species to produce the globular echinate variant 2 phytoliths (Table 2, Figure 1B). Thus, the globular echinate variant 2 phytoliths in paleoecological contexts can be used to identify Ceroxylon, and indicate colder conditions than most other palm species prefer. Ceroxylon is also an economically important plant species (e.g., Bernal et al., 2011), and its phytoliths (or the absence of them) can now also be used in archaeological settings to reconstruct past palm management practices and the dispersal of economically important taxa. Ceroxylon also produced other types of unique silica structures that were not found in any other species that we sampled (Figure S7). These silica structures may come from the “waxy wood” that has commonly been described in Ceroxylon, which does not occur in most palm species (Moraes et al., 1995).

Size variation can be a key distinguishing feature in phytolith identification. In the case of Wettinia hirsuta, the variation of phytoliths between plant parts was mostly in terms of size. The seeds produced ca. 2–6 μm larger phytoliths than the flower. Perhaps more importantly for paleoecological and archaeological reconstructions, we found that the size variation of phytolith subtypes can be used to distinguish species from each other. For example, Iriartea deltoidea and Dictyocaryum lamarckianum produce 100% the same subtype of conical variant 1 in their leaves. The phytoliths produced by Iriartea, however, are consistently and significantly larger than those produced by Dictyocaryum. Conical phytoliths from Iriartea typically range from 15 to 18 μm, whereas those found in Dictyocaryum range from 5 to 10 μm. Iriartea deltoidea is one of the most common trees in the Amazonian lowlands (Pitman et al., 2001; ter Steege et al., 2013), and rarely exceeds 1,300 masl (Henderson et al., 1997). In contrast, Dictyocaryum ranges primarily from 1,000 to 2,000 masl (Moraes et al., 1995). The ability to distinguish the conical phytoliths of these two species is therefore particularly advantageous in reconstructions of past climatic conditions.

Our newly characterized palm phytolith types (Figure 1, Table 2) provide a foundation to identify palm genera with narrow altitudinal ranges in mid-elevational Andean settings. Mid-elevation Andean ecosystems are some of the most diverse and threatened ecosystems on Earth (Olson et al., 2001; Olson and Dinerstein, 2002), and past climatic change has helped shape these systems into their current configuration (e.g., Flenley, 1979; Bush, 2002; Bush et al., 2007). Identification of an increased number of Andean palm phytolith subtypes, and the increased ability to associate them with a specific palm genus or set of genera, can provide more detailed reconstructions of past ecological dynamics in paleoecological and archaeobotanical contexts than was previously possible. Because phytoliths reflect local-scale vegetation dynamics (e.g., Piperno, 2006), ecological responses to past climatic changes or human activity can also be reconstructed at a higher spatial resolution than when using only pollen data. If paired, pollen and phytolith analyses could be used to determine regional vs. local vegetation change in Andean settings, as has been done in the Amazonian lowlands (e.g., Carson et al., 2014).

CONCLUSIONS

Mid-elevation Andean forests are some of Earth's most diverse and threatened ecosystems, yet their ecological history remains understudied. Phytoliths, which represent local-scale vegetation, are a valuable tool in reconstructing vegetation dynamics through time. Our study provides a more nuanced categorization of palm phytoliths than was previously available, and also demonstrates their potential to create more comprehensive paleoecological reconstructions of local-scale vegetation dynamics than previously possible. Phytoliths are becoming much more commonly used in paleoecological and archaeological reconstructions because of their potential in reconstructing local-scale vegetation patterns, and we stress the need to continue referencing regionally-specific palm (and also arboreal) phytoliths.
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