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Paleoecological investigations using the pollen-plant functional trait linkage are increasing in value as new insights to past ecological function and dynamics are revealed. These retrospective approaches link pollen sequences to plant functional trait measurements to reveal long-term changes in ecosystem properties that are difficult to resolve using traditional paleoecological methods. Despite these methodological improvements and the newfound perspectives, there has yet to be thorough testing of whether transforming pollen to ecological function tracks functional trait distributions in geographic space. We assess this in North America by linking surface pollen samples to measurements of three functional traits that represent major axes of plant ecological strategy. Pollen-derived estimates of function were first used to investigate occupied trait space at different scales. These estimates were used to reconstruct the latitudinal functional diversity gradient of North America, and results were compared to the continent’s functional diversity gradient estimated from tree assemblages and gradients based on pollen richness and evenness. Results indicated that the patterns in pollen-based function sufficiently track ecological function in trait and geographic space and the macroecological biodiversity pattern was reconstructed, although there were minor differences between the slopes of the functional diversity and each of the pollen index gradients. Taken together, the outcomes of our investigation indicate reliability in extending the pollen-plant functional trait linkage into deeper time, at least for examining North American functional dynamics.
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INTRODUCTION

Sediment-based sub-fossil pollen is frequently used as a proxy for local and regional changes in vegetation composition over time (Faegri and Iversen, 1989). The application of pollen in paleoecological analysis has been to categorize “who was there” through compositional changes and presence and absence in time (Dodd and Stanton, 1990), with infrequent interpretations of changes in ecosystem function. Yet, these data contain untapped potential. A new tool emerging in paleoecology focuses on measuring ecosystem function by applying ecological theory of modern plant floristics to paleoecological records. Ecosystem function (ecosystem property), or the biological, geochemical, and physical processes that take place within an ecosystem, are those that reflect the capacity of ecosystems to fulfill human needs (ecosystem service) (de Groot et al., 2002). Analysis of long-term functional responses to environmental change, by linking plant functional traits to fossil pollen assemblages, sheds new light on past ecosystem dynamics and provides complementary information to taxonomic-based analyses. Novel interpretations of past functional dynamics that are not typically obtainable from conventional paleoecological methods (Wingard et al., 2017) are increasing in value as a consequence of making the pollen-plant functional trait linkage.

Plant functional traits are defined as any morpho-, physio-, and phenological plant characteristics affecting overall plant fitness through their influence on survival, growth, and reproduction (Violle et al., 2007). These plant characteristics are biological adaptations to the environment and represent fundamental tradeoffs between individual species, as they direct the acquisition, processing, and investment of resources in plants (Chapin et al., 2000). Variations in functional traits impact ecosystem properties (e.g., biologic diversity, cycling of nutrients, soil characteristics) (Hooper et al., 2005) as species respond to and are filtered by climate, disturbance, and biotic interactions (Lavorel and Garnier, 2002). Plant functional trait data, in the form of species-level trait measurements, are increasingly accessible from large databases, such as the Botanical Information and Ecology Network (BIEN Database1; Enquist et al., 2016) and the TRY Plant Trait Database2 (Kattge et al., 2020). Conceptual developments in functional trait theory have led to the identification of a wide variety of plant traits linked to various aspects of ecosystem function and processes (Pérez-Harguindeguy et al., 2013).

Early plant functional trait theory identified three traits as the major axes of plant strategies governing ecosystem function (i.e., plant height, seed mass, leaf area) (Westoby, 1998). These indicators of plant fitness were recently found to occupy primary axes of global plant form and function (Díaz et al., 2016) and were used to identify the latitudinal functional diversity gradient (Lamanna et al., 2014). Tall plant heights are advantageous for dispersing seed and intercepting light (Gaudet and Keddy, 1988; Westoby, 1998; Westoby et al., 2002; Muller-Landau et al., 2008; Moles et al., 2009), although construction and maintenance costs are incurred along with higher risks of breaking (Niklas, 1993; Poorter et al., 2008). High leaf area is advantageous for increasing photosynthetic capacity through capturing light at the expense of increased construction costs and produces large boundary layers responsible for reducing transpiration rates and thus heat exchange and carbon dioxide diffusion to the surrounding air (Díaz et al., 2016). Low seed mass is advantageous for dispersal and colonization ability. Seeds with low weights are generally produced in large numbers that can be dispersed farther, thus allowing for establishing a persistent seed bank, and conversely, high seed mass is advantageous for surviving early recruitment stages and may offer a passive dispersal advantage depending on if and whether fruit is formed (Leishman and Westoby, 1994; Westoby et al., 2002; Muller-Landau, 2010; Thomson et al., 2011; Ben-Hur et al., 2012).

The central tenet of functional analysis is that ecosystem properties can be evaluated through the procedure of classifying plant species by their functional characteristics, information typically unavailable when examining shifts in taxonomic abundances alone (Diaz and Cabido, 2001). Classifying species by their functional characteristics has primarily been an exercise of ecological studies based on direct observation and botanical surveys (e.g., Mccormack et al., 2012; Enright et al., 2014) although the application of plant functional trait theory to remotely sensed imagery is growing (Jetz et al., 2016). In paleoecological contexts, plant functional traits have been previously linked to pollen records to model macro-scale changes in past terrestrial ecosystems making use of broad taxonomic classifications identifying plant functional types (Prentice et al., 1996; Williams et al., 2001, 2004; Marchant et al., 2010; Ni et al., 2010). Functional paleoecology, although in its infancy, links plant functional traits to pollen taxa and transforms pollen percentages (i.e., relative abundances) to represent ecological function variations through space and time. Doing so helps to bridge the gap in paleoecological and neontological analysis (Fritz et al., 2013) and can provide new perspectives of past ecosystem change resulting from biotic and abiotic interactions at various spatial and temporal scales.

Although currently sparse, the field of functional paleoecology is growing. Recent applications have shown the effectiveness of making the pollen-plant functional trait linkage, primarily assessing functional responses to climate variations. Evaluating modern geographic trait distributions related to climate in the European Mediterranean region, Barboni et al. (2004) showed plant functional traits (e.g., life form: tree, shrub; leaf traits: type, size, waxiness; plant traits: leaf phenology: thorniness, phenology) were related to either plant water availability or mean temperature of the coldest month, or a combination of the two. Knight et al. (2020) showed pollen assemblage responses to changing climate were highly variable through the Quaternary in eastern North America and high seed mass within assemblages generally resulted in more matches with climate. Methods for estimating long-term functional trait compositions in fen peatland communities were developed based on the best-fit linear mixed-effects modeling of leaf traits linked to modern pollen samples that acted as a filter for extending back in time (Carvalho et al., 2019). Neogene and Quaternary tree species in eastern North America were found to occupy similar albeit more densely packed trait space compared to Europe despite greater species richness (Ordonez and Svenning, 2018). Within the same time periods, Ordonez and Svenning (2020) developed a conceptual framework for understanding the legacies of environmental changes on ecosystem processes; species diversity variations via response traits were shown to have the potential to impact effect traits that govern ecosystem processes. A regional study on the relationships between pollen-derived function, climate, and human influences in Estonia and Latvia showed cold late-glacial climates were associated with low plant heights as well as small seeds and low leaf area (Reitalu et al., 2015). The transition to a progressively warmer Holocene climate led to taller vegetation with larger seeds and greater leaf area and consequently, functional diversity increased through time.

Functional relationships to disturbances have also been investigated. An analysis of functional trait variations in the Pacific Northwest, United States showed how increased Holocene fire activity led to changes in community-level fire adaptation and structure (Brussel et al., 2018). Site-level functional diversity and overlap estimates provided evidence of an ecosystem shift from seral to stable aspen (Morris et al., 2019). In the Amazon, the effects of precipitation variation and human-caused environmental changes on community traits were estimated and indicated plant functional traits responded more clearly to drivers than pollen taxa, and different anthropogenic disturbances, e.g., erosion and fire, increased the dominance of distinct functional traits (van der Sande et al., 2019).

The utility of making pollen-plant functional trait linkages requires evaluating how well transforming pollen data to ecological function captures the spatial distribution of modern functional traits. The overarching question we work to address is, does the pollen-plant functional trait linkage represent ecological function in North America? We test the linkage by integrating surface pollen samples from the Neotoma Paleoecology Database (Williams et al., 2018) and plant functional traits from the BIEN Database (Enquist et al., 2016). Functional trait data representing primary axes of plant strategy are used to assess spatial relationships between the pollen-plant functional trait linkage (i.e., estimates of site-level function via individual traits) and the functional trait data used to inform these pollen-derived values. We then use these functional estimates from North American sites to quantify functional diversity, the biodiversity metric that governs ecosystem function, and therefore the ability of ecosystems to provide services for humans (Diaz et al., 2007). To present a macroecological example of the utility of making the pollen-plant functional linkage, we compared pollen-based functional diversity estimates to those from modern tree assemblages in the form of latitudinal functional diversity gradient, a pattern found to be embedded within the latitudinal biodiversity gradient for the western hemisphere (i.e., North and South America) (Lamanna et al., 2014). We hypothesize that pollen-derived functional diversity estimates will corroborate the recently observed latitudinal gradient in functional diversity of North America, as there is a non-linear relationship between plants and pollen. The pollen-based functional diversity gradient is next compared to gradients in the richness and evenness of pollen taxa through latitude, as these correspond to measures of the number and distribution of species abundances, respectively. We then briefly discuss potential avenues for investigating biogeographic questions that are difficult to resolve by employing traditional paleoecological methods.



MATERIALS AND METHODS


Pollen Data and Plant Functional Trait Measurements

The Neotoma Paleoecology Database (accessed November 2019) was queried for North American surface pollen samples using the R package “neotoma” version 1.7.2 (Goring et al., 2015; Williams et al., 2018) returning pollen sequences for 3033 sites. Each pollen count dataset with standard taxonomies was converted to pollen percentages for tree and herb taxa. Sample density was low in Mexico, west of the United States’ Rocky Mountains, the west coast of Canada and southern Alaska. A request for trait measurements of leaf area, plant height, and seed mass from the BIEN Database (R package “bien” version 4.1.1, Enquist et al., 2016; Maitner et al., 2017) returned over 10 million standardized trait observations. The list of species with trait measurements was restricted to only those that are native to continental North America (Mexico, United States, and Canada) in a multi-step process. A list of standardized plant species native to the United States and Canada was obtained from the PLANTS Database (USDA and NRCS, 2019) and species lists of native and introduced plants of Mexico were obtained (Villaseñor and Espinosa-Garcia, 2004; Villaseñor, 2016), which were then combined. Plants of the World Online3 was consulted to reduce the list of species with trait measurements to only those plant species that are native to the entire continent. If a species was listed as introduced to Mexico, but native to the United States or Canada, the species was retained. Conversely, if a species was listed as introduced to one of the countries but not designated as a native species in one of the others, it was removed from the list. The final data set for North America included 9,487,396 plant height measurements from 2,146 species, 13,103 leaf area measurements from 1,016 species, and 16,621 seed mass measurements from 3,580 species.



Pollen Taxa X Species Functional Trait Matrix

Following the identification of functional trait measurements for plant species native to North America, the species within the list were then linked to their respective pollen taxonomies (i.e., species-, genus-, and family-level pollen types) by constructing a species with trait measurements X pollen taxon matrix. The “taxize” R package version 0.7.5 (Chamberlain et al., 2016) allows for retrieving both higher and lower standardized taxonomies by accessing different databases that house these datasets, and so the National Center for Biotechnology Information (NCBI) and Integrated Taxonomic Information System (ITIS) databases were employed to link individual species to their respective taxonomies. The surface pollen dataset contains pollen grains varying in taxonomic resolution. Some pollen types are identified to the species level and others to the pollen-type level, such that they could be linked to multiple species (e.g., Acer spicatum, Acer undifferentiated). We opted to retain the original pollen taxonomy as identified by pollen analysts that were submitted to the Neotoma Paleoecology Database (Williams et al., 2018), opposed to harmonizing pollen taxa to standardize pollen types (see, e.g., Giesecke et al., 2019). This makes the assumption pollen analysts use an informed approach to identify pollen types to the species level (e.g., local species presence surrounding a depositional environment; a regional absence of any other species; geographic context). Doing so maximizes the amount of data that was used to inform trait value estimates while also estimating the most precise trait values.

Trait measurements were log-transformed and scaled to normalize and standardize distributions. We then assigned values for the three traits to each pollen taxon. As the majority of pollen taxa are associated with multiple observations in the BIEN Database, due to repeated measurements or from linking lower taxonomic resolution pollen taxa to species names, we represent the possible range of functional trait values for each taxon as the mean and standard deviation of all associated values. Remarkable efforts have been put forward to catalog plant functional traits and changes in these through time (Meeus, 2018; Meineke et al., 2018; Kissling et al., 2019). However, and because there has yet to be a comprehensive list of measurements for species-level functional traits across different geographic localities compiled, we assume these values are stationary across space. The result was a list of pollen taxa and the mean and standard deviation of their trait values (Supplementary Table 1).



Functional Diversity Estimates

Functional diversity estimates were calculated using multidimensional hypervolumes that were based on the set of trait values for each pollen taxon at each surface pollen site using box kernel density estimations in the R package “hypervolume” version 2.0.8 (Blonder et al., 2018). These estimates quantify the range of occupied trait space of a set of functional traits at each pollen sample, consistent with a measure of functional richness (Villéger et al., 2008) and correspond to a realized niche (Hutchinson, 1957). To quantify accurate representations of functional diversity on the landscape, we opted to use only surface sample sites that had all traits quantified for no less than five pollen taxa (i.e., each pollen taxon had a trait value estimated in earlier steps), and from these, only those taxa with pollen percentages greater than 0.5%. Retaining only those pollen taxa that had estimates for each trait and sites that had no less than five pollen taxon level functional estimates strives to represent accurate site-scale functional diversity estimates. The threshold is used to restrict pollen species that may not be present on the landscape from diversity estimates. To represent the uncertainty in the trait assignments, we used a Monte Carlo approach, where at each site, we resample a trait value for each taxon from a normal distribution defined by the mean and standard deviation described above, and then calculate the hypervolume of each surface sample. This is then repeated 500 times with the result as pollen-derived, occupied trait space at each site measured in standard deviations (Blonder et al., 2018).

The set of functional diversity estimates were then gridded at a 0.5° resolution by taking the median values of the full set of Monte Carlo estimates for all sites within each grid cell, resulting in 828 gridded functional diversity estimates. Doing so minimizes variability that may have arisen from inconsistent pollen sampling spatially and taxonomically. These gridded functional diversity estimates were then used to reconstruct the latitudinal functional diversity gradient (Lamanna et al., 2014) by estimating a linear model against latitude (Supplementary Table 2).



Comparisons: Pollen-Derived Function and BIEN Data; Latitudinal Functional Diversity Gradient and Pollen Indices

To identify the capacity of the pollen-plant functional trait linkage to accurately represent ecological function, we compared the occupied trait space (i.e., range of functional estimates) of those sites that had hypervolumes quantified, the subset of plant species that are native to North America from the BIEN Database (Enquist et al., 2016) that were used for informing functional diversity estimations, and also just the BIEN Database’s North American tree species. We also made comparisons between the North American latitudinal functional diversity gradients estimated from the full set of terrestrial pollen taxa and tree assemblages (Lamanna et al., 2014), and pollen-based richness and evenness gradients. Constituents of the functional diversity gradient of the western hemisphere, the estimates from tree assemblages were quantified based on the presence of tree species with diameters at breast height > 10 cm in 0.1 ha plots (see Lamanna et al., 2014 for their detailed methods). We limited their dataset to only functional diversity estimates of North America. Evenness was calculated as the slope of the rank-order versus log-abundance curve for each surface pollen sample, and richness was calculated using rarefaction to 500 pollen grain counts (Giesecke et al., 2014). Each surface sample’s richness and evenness estimates were gridded as previously described and all pollen-based estimates were mapped against the continent’s Level 1 ecoregions (Omernik, 1987). Generalized least squares regression was used to estimate all latitudinal gradients, including trends in the traits themselves. An exponential spatial covariance function was incorporated into each model to account for spatial dependency (Supplementary Table 2). Table 1 reports the model coefficients and the results of Moran’s I tests for residual spatial autocorrelation. Pollen-based functional diversity, richness, and evenness were correlated using Pearson’s product-moment correlation with the R package “Hmisc” (Harrell, 2004).


TABLE 1. Outcomes of generalized least squares models of functional traits, functional diversity, and pollen evenness and richness against latitude in North America.

[image: Table 1]


RESULTS AND DISCUSSION


Comparison of Pollen-Based Trait Space and Ecological Datasets

As a first test of the pollen-plant functional trait linkage, we compare the trait space of North America derived from pollen samples to the full list of BIEN trait measurements for native species and a subset of the measurements for native trees (Enquist et al., 2016). Compared to the full list of native BIEN species functional trait measurements, all three aspects of pollen-based function occupy the upper ranges of the BIEN data. The pollen-plant functional trait linkage collapses the spread of interquartile ranges of all three traits with few outliers (Figure 1). As related to a subset of BIEN Database tree species, pollen-derived values for leaf area were lower and seed mass values were matched more similarly. We thus posit linking surface pollen samples to plant functional traits reconstructs ecological function, such that the method may be carried forward for further analysis and into recent geologic time. Further, these results allow for an ability to examine the dynamics of ecological function in addition to taxonomic composition.


[image: image]

FIGURE 1. Comparisons between the trait spaces of leaf area (A), plant height (B), and seed mass (C) from the list of trait measurements for species native to North America from the BIEN Database (Enquist et al., 2016), surface pollen samples (Williams et al., 2018), and native tree species (Enquist et al., 2016). Ranges of functional estimates from the pollen-plant functional trait linkage were generated using median trait values in each 0.5° × 0.5° grid cell. All traits were log-transformed. See Supplementary Table 1 for pollen-based trait values.




Spatial Patterns of the Pollen-Plant Functional Trait Linkage

The distribution of pollen-derived ecological function in geographic space is more complicated, but a useful comparison can be made at the scale of ecoregions (Omernik, 1987). Leaf area values were highest in the Eastern Temperate Forest and the eastern margins of the Great Plains (Figure 2A). Leaves with the smallest area were found primarily in the southern ranges of Northwestern Forested Mountains and the Marine West Coast Forest, ecoregions dominated by coniferous trees, and North American Deserts, where small leaves are advantageous for limiting water loss during transpiration. Pollen-derived leaf area was intermediate in high latitude ecoregions, where temperate coniferous trees dominate and smaller leaf area would be expected.
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FIGURE 2. Gridded and log-transformed leaf area (A), plant height (B), and seed mass (C) estimates from surface pollen samples against a backdrop of the continent’s ecoregions (Omernik, 1987) with mean grid cell values colored on a log scale. Generalized least squares regression found the seed mass trend was significantly related to latitude.


The pollen-plant functional trait linkage indicated most tree vegetation occupies the mid- to upper- ranges of pollen-derived plant height trait space (Figure 2B). The shortest plant heights were found generally at the southern extent of the Eastern Temperate Forest and northern Alaska. The general consistency of plant height through geographic space in North America suggests competition for light is generally low. A different climatic forcing, potentially water availability through precipitation in the wettest month, may govern the spatial distribution of plant heights in North America (Moles et al., 2009).

The continent’s spatial distribution of seed mass estimates from pollen showed a largely coherent latitudinal trend (Moles and Westoby, 2003) (Figure 2C and Supplementary Figure 1), as this was the sole pollen-based functional trait to decline significantly with movement toward the pole (Table 1). Heavy seeds were found at southern latitudes, and with movement to the north, seeds became lighter across all ecoregions. Plants bearing seeds with light weights are expected to invest resources for producing large numbers of seeds that can disperse farther distances and also develop persistent seed banks. Low seed mass values at high latitudes may suggest environmental controls (e.g., the timing of spring snowmelt, poor soil conditions, and frequent fires) influence plants to establish and grow rapidly once an opportunity arises. Greater seed weights in southern latitudes indicate longer-term investments to capitalize on canopy openings when opportunities arise.



Post-glacial Dispersal as an Interpretation for the Spatial Patterns of Seed Mass

Many examples have shown individual tree species migrated from southern latitudes at different rates in post-glacial North America and Europe (Davis, 1976; Cwynar and MacDonald, 1987; Webb, 1987; Birks, 1989). It is generally accepted that periodic, long-distance dispersal characterizes colonization and range expansion events from the late-glacial to present (Cain et al., 1998; Clark, 1998). Considering this, the nearly systematic decline in seed mass through latitude (Figure 2C and Supplementary Figure 1) may be a result of functional selection that occurred from the late-glacial period to modern day, opposed to species selection. Cwynar and MacDonald (1987) showed directional selection for lighter seeds of Pinus contorta spp. latifolia as the species migrated in post-glacial western Canada; as new populations established northward, allelic diversity decreased and seeds became more readily dispersible. With the modern distribution of seed mass in North America, and the results of Cwynar and MacDonald (1987), we provisionally suggest the consistent trend in seed mass may be a factor of directional selection, such that species with low seed weights at high latitudes may have been under the strongest selection for light seeds in post-glacial North America. To make this conclusion, though, would require continued phylogenetic investigations of post-glacial migrations (Abbott et al., 2000; Griffin and Barrett, 2004) yet the potential for range expansion and colonization via birds assisting in seed dispersal in post-glacial North America may be a constraint (Porter, 1984). Another potential cause for the seed mass gradient, which may be either independent of or entwined within the notion of functional selection, is the prospect of a macroscale driver such as temperature, precipitation, or insolation (Lacourse, 2009; Knight et al., 2020).



Macroecological Application Using the Pollen-Plant Functional Trait Linkage

We used estimates of pollen-based function to quantify functional diversity for reconstructing the latitudinal functional diversity gradient of North America. This macroecological pattern was recently found to coincide with the latitudinal biodiversity gradient and showed that functional diversity in the western hemisphere trees declined with increasing latitude, supporting environmental filtering theory (Lamanna et al., 2014). We hypothesized the functional diversity gradient estimated from surface pollen samples would exhibit a similar slope compared to that estimated from modern tree assemblages (Lamanna et al., 2014). Estimated from surface pollen samples, the latitudinal functional diversity gradient exhibited a stronger slope compared to the gradient estimated from tree assemblages (Figure 3A and Table 1, slope from surface pollen samples = −1.251, slope from tree assemblages = −0.2; Lamanna et al., 2014).
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FIGURE 3. The North American functional diversity gradient estimated from surface pollen samples (purple points, estimated in this study based on data from the Neotoma Paleoecology Database, Williams et al., 2018) and tree assemblages (gray points, Lamanna et al., 2014) (A), with pollen indices of richness (B) and evenness (C). Slopes of each gradient were identified using linear modeling (black lines). Regressions indicated the functional diversity (A) and pollen richness (B) gradients were significantly related to latitude.


The discrepancies in slopes may result from several differences between the studies and datasets used. The reference study we made comparisons to Lamanna et al. (2014) quantified functional diversity based on trees sampled in 0.1 ha plots numbering 47 in North America from the latitudinal range of 15°–53° N with patchy longitudinal coverage. Our estimations were based on a wider set of terrestrial taxa (trees and herbs) that convey vegetation composition effectively sampled in larger areas (Jacobson and Bradshaw, 1981) from 3033 surface pollen samples that after gridding resulted in 828 functional diversity estimates ranging a broader latitudinal transect (25.25°–73.75° N). Individually or combinedly, these differences in estimating the functional diversity gradient may have resulted in wider occupied trait space in grid cells and thus a steeper functional diversity gradient slope. Including both tree and herbaceous pollen types may reflect site openness. Pollen-based trait values for functional diversity estimates and relationships between can be found in Supplementary Table 1 and Supplementary Figure 2. We recommend the criteria employed herein for future investigations of functional diversity dynamics in paleocontexts.



Gradients in Functional Diversity and Pollen Species Richness, Evenness

Following comparisons of the latitudinal functional diversity gradients estimated from surface pollen samples and tree assemblages (Lamanna et al., 2014), we evaluated relationships between pollen-based gradients in functional diversity, richness and evenness (Figures 3, 4). Pollen richness approximates the number of pollen taxa that would be expected using a standardized pollen count. Pollen evenness describes the potential dominance of pollen taxa within an ecosystem, with low evenness suggesting ecosystem function being driven by lower numbers of pollen taxa. Slopes of both pollen indices declined through latitude like that of the functional diversity gradient, suggesting ecosystem function is dominated by high species numbers at low latitudes and low species numbers at high latitudes (Figures 3, 4). Surprisingly, while pollen richness had a significant relationship with latitude, pollen evenness did not, once spatial autocorrelation was accounted for Table 1. As the calculation of evenness incorporates pollen abundances, this may bias the result due to the non-linear representation of plant abundances.
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FIGURE 4. Estimates of functional diversity (A), pollen richness (B), and pollen evenness (C) estimated from surface pollen samples presented as the mean values of all estimates within a grid cell plotted in relation to different ecoregions of North America (Omernik, 1987).


Amongst the three pollen-based estimates, Pearson’s product-moment correlation coefficients indicated significant but weak correlations between functional diversity, and pollen richness and evenness estimates (richness: r = 0.36, P < 0.001; evenness: r = 0.31, P < 0.001). These results are contrary to what might be presumed regarding species richness and correspondingly, the dominance of individual pollen taxa within ecosystems as they relate to the range of function within ecosystems along latitudinal gradients (e.g., Lamanna et al., 2014). Instead, weak correlations suggest there may be different drivers of each gradient, for instance, environmental constraints (Klopfer and MacArthur, 1961; Janzen, 1967; Kerkhoff et al., 2014) or competition (Dobzhansky, 1950; Tilman et al., 1997).

When looking to functional diversity estimates and their values in each ecoregion, significant differences in ecoregion’s hypervolumes generally occurred between ecoregions with large geographic distance between them (Supplementary Table 3). Median functional diversity varied by ecoregion with the highest and lowest average hypervolumes found in Tropical Wet Forests (median hypervolume = 147.0) and Arctic Cordillera (median hypervolume = 45.4; the ecoregion with the most outliers was Eastern Temperate Forests that also had the highest number of surface samples (Supplementary Figure 3).



Future Directions Using the Pollen-Plant Functional Trait Linkage

The analysis of pollen-based functional trait space in principle would entail the use of georeferenced functional trait measurements, although there is a dearth of these datasets. As such, we estimated pollen-based functional traits and diversity based on all species that belong to a pollen taxon notwithstanding variation in functional trait variation through geographic space, which may influence these estimates (e.g., low variation in pollen-derived plant height). Future research may look to incorporate plant species distributions in large-scale (i.e., continental) analyses of ecosystem function, to constrain the trait measurements associated with any pollen assemblage.

Given suitable functional datasets, the pollen-plant functional trait linkage can be applied to capture enhanced explanations of ecological, evolutionary, and biodiversity dynamics, and place ecological theory based on modern plant floristics into the dynamic perspective of long-term analysis that was previously difficult to obtain. Many of these aspects are aligned with priority research questions for the paleoecological community (Seddon et al., 2014) and include complex community-level processes such as competition and succession, and also ecosystem processes like decomposition and biogeochemical cycling. Past ecosystem services can also be explored, such as the capacity to provide climate regulation, pollination, or soil stability. Gaining these new perspectives of long-term, ecosystem function changes provides a new route by which paleoecological analysis can contribute to sustainable conservations and management (Willis et al., 2007). The prospective assessment of functional responses to natural ranges of climate variability, disturbances, and anthropogenic pressure at varying spatiotemporal scales, especially in comparison to modern landscape changes, offers a new avenue of using the past to understand how the future of terrestrial ecosystems may unravel.



CONCLUSION

The focus of our investigation was to determine if pollen-derived aspects of ecological function track functional trait distributions in North America. Results showed that pollen-based function sufficiently tracks ecological function at the continental-scale on account of site-level estimates. At large-regional scales, the analysis shows strong linkages with pollen-inferred ecological function across a latitudinal gradient of functional diversity, which also followed the latitudinal trends of pollen richness and evenness. When considered with the robust interpretations of functional paleoecological analyses to date, our results indicate the transformation of pollen abundances to ecological function can be extended to deeper time, at least for North American functional dynamics. Making pollen-plant functional trait linkages allows for new interpretations of spatiotemporal biogeographic dynamics beyond the observational record. Functional paleoecology provides new perspectives that have great potential for placing the field into important discussions on how current and future ecosystems should be conserved and managed.
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