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Stand-Level Variation Drives Canopy Water Storage by Non-vascular Epiphytes Across a Temperate-Boreal Ecotone
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Epiphytes, including bryophytes and lichens, can significantly change the water interception and storage capacities of forest canopies. However, despite some understanding of this role, empirical evaluations of canopy and bole community water storage capacity by epiphytes are still quite limited. Epiphyte communities are shaped by both microclimate and host plant identity, and so the canopy and bole community storage capacity might also be expected to vary across similar spatial scales. We estimated canopy and bole community cover and biomass of bryophytes and lichens from ground-based surveys across a temperate-boreal ecotone in continental North America (Minnesota). Multiple forest types were studied at each site, to separate stand level and latitudinal effects. Biomass was converted into potential canopy and bole community storage on the basis of water-holding capacity measurements of dominant taxa. Bole biomass and potential water storage was a much larger contributor than outer canopy. Biomass and water storage capacity varied greatly, ranging from 9 to >900kg ha–1 and 0.003 to 0.38 mm, respectively. These values are lower than most reported results for temperate forests, which have emphasized coastal and old-growth forests. Variation was greatest within sites and appeared to reflect the strong effects of host tree identity on epiphyte communities, with conifer-dominated plots hosting more lichen-dominated epiphyte communities with lower potential water storage capacity. These results point to the challenges of estimating and incorporating epiphyte contributions to canopy hydrology from stand metrics. Further work is also needed to improve estimates of canopy epiphytes, including crustose lichens.
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INTRODUCTION

The storage and evaporation of atmospheric waters by forest canopies cannot only directly impact precipitation inputs to the surface but also indirectly influence transpiration by lowering canopy VPD (Van Stan et al., 2020). Forest canopies are extensive and structurally complex spaces, made up not only of the surfaces of the tree itself (branches and leaves), but also sometimes highly diverse epiphytic communities (Zotz, 2016). Epiphytes have been found to significantly increase canopy water storage in a range of ecosystems (Van Stan and Pypker, 2015; Porada et al., 2018; Mendieta-Leiva et al., 2020).

However, despite their potential importance, studies of the hydrological role of epiphytes have been geographically patchy, focusing on ecosystems with very large amounts of vascular or non-vascular epiphytes such as old growth wet temperate (Pypker et al., 2006, 2017), tropical montane forests (Chang et al., 2002; Villegas et al., 2008; Ah-Peng et al., 2017) or other exceptionally epiphyte-rich ecosystems (Stanton et al., 2014). For example, while Porada et al. (2018) cite a number of studies of epiphyte biomass and water storage from boreal and temperate ecosystems, the majority of these were conducted in old-growth forests in humid coastal or mountainous areas: ideal conditions for the development of dense non-vascular epiphyte cover (Gehrig-Downie et al., 2011). While valuable for asserting the importance of non-vascular epiphytes, such studies may be difficult to extend to drier or younger forests at the same latitudes, on which the epiphyte communities are notably less developed. In such ecosystems, the dominant epiphytes may be small bryophytes (e.g., Frullania, Orthotrichum, and Pylaisia), microfoliose lichens (e.g., Physcia, Physconia, and associated genera), and crustose lichens. These taxa have drawn less attention from hydrologists due to their small size and therefore individually limited water-holding capacity, such that their impact is poorly quantified but a recent study of crustose lichens in dry forests found comparable biomasses to larger-bodied lichens (Miranda-González and McCune, 2020).

Here we focus on the potential water storage of non-vascular epiphytes across a range of continental temperate to boreal forests in central North America. Vascular epiphytes are essentially absent from such forests, and epiphyte communities are dominated by non-vascular epiphytes: lichens, mosses, and liverworts. Non-vascular epiphytes are notable for their dynamic water content (poikilohydry), which is often associated with considerable water storage capacity. The water-holding capacity of lichens and bryophytes can be quite substantial given their relatively small mass and/or size. For example, lichens can store up to 3,360% of their dry weight in water and some bryophytes even more (Cornelissen et al., 2007; Elumeeva et al., 2011; Gauslaa and Coxson, 2011; Klamerus-Iwan et al., 2020).

In evaluating the epiphyte communities and their potential hydrologic effects we consider several scales of organization. Firstly, location within canopy: the communities on the bole and bases of large branches are often quite different from those in the upper and outer regions of the canopy (Zotz, 2016). In continental temperate forests the former are more often dominated by bryophytes, crustose and foliose lichens while the latter can harbor more fruticose lichens. The likely hydrologic impacts also differ: while both may influence canopy interception and storage, bole epiphyte communities primarily intercept stemflow whereas the outer canopy community may have more impact on through-fall (Mendieta-Leiva et al., 2020). Furthermore, north- and south-facing sides of the bole differ in their microclimate and sometimes epiphyte communities (Ellis, 2012). These are important hydrological and ecological factors to consider as canopy interception remains largely under-studied (Van Stan et al., 2020; Zheng and Jia, 2020; Linhoss and Siegert, 2020).

Secondly, epiphyte communities can vary with host tree due to light-penetration, crown architecture, and bark texture and chemistry (Smith, 1982; Ellis, 2012; Zotz, 2016). Tree species may also shape stand-level microclimate, which can vary greatly between forest types. Lastly, macroclimate can also greatly shape epiphyte communities following changing temperature and precipitation across latitudinal and longitudinal (Smith et al., 2020) or altitudinal scales (Rodriguez-Quiel et al., 2019).

To systematically evaluate the potential hydrologic impacts of epiphytes in northern temperate forests we evaluated epiphytic communities of dominant forest types across a latitudinal gradient marking the transition from savanna and temperate forest to boreal forest in Minnesota, United States. The sites span the ecotone of three of the major biomes of continental North America (Prairie, Eastern temperate deciduous forest, Laurentian boreal forest) and each include a mosaic of upland and lowland forests with differing dominant trees. Because this range abuts the edge of extensive forests (forest-prairie ecotone), it covers an ecologically important if climatically narrow range of temperature and precipitation. We hypothesized that epiphyte biomass and water storage potential would increase with latitude, reflecting decreasing evaporative stresses that might favor the development of epiphyte communities.



MATERIALS AND METHODS


Sites

Epiphyte communities were sampled on or near University of Minnesota field stations (Figure 1A), namely Cedar Creek Ecosystem Science Reserve (East Bethel, MN, United States), Cloquet Forestry Center (Cloquet, MN, United States), Itasca State Park (Park Rapids, MN, United States), and Hubachek Wilderness Research Center (Ely, MN, United States). Dominant forest communities as described by the Minnesota Department of Natural Resources (MDNR)’s Native Plant Community classification (Aaseng et al., 2011) were sampled at each site (Figure 1B), and site specific data are presented in Table 1. These 4 sites were chosen because they span the western limit of the Eastern Deciduous Forest biome and the ecotones with Laurentian Shield Boreal and Prairie biomes in North America, encompassing some of the largest North-American biomes in a small geographic space.
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FIGURE 1. Sampling design at state (A), site (B), and plot (C) scales. A-Sites (1-Cedar Creek Ecosystem Reserve, 2-Cloquet Forestry Center, 3-Hubachek Wilderness Research Center, and 4-Itasca State Park) are located across the eastern temperate (light green) to boreal (dark green) forest transition. (B) Within each site plots were selected to represent in forest types (top-Aspen-Birch, middle-Tamarack-Black Spruce bog, and bottom- Black Ash swamp). (C) Each plot includes 2 m-radius microplots for litter collection and 20 cm × 50 cm quadrats at 4 locations on 12 microplot center trees for bole epiphyte sampling. Photo credit: A. Glauser and D. Stanton.



TABLE 1. Locations and characteristics of the plots included in the study.

[image: Table 1]
Plots were chosen by overlaying MDNR GIS maps1 of the selected dominant forest communities onto our sites, then marking a coordinate that was (a) well away from the community edges and (b) easily accessible to the field team. The field team then used the MDNR Native Plant Community classification system to confirm the forest community type upon arrival at the coordinate. If the forest community was correct and far enough away from community edges and disturbances, a plot was set up. If the coordinates were too close to an edge, not the best representation, or showed disturbance, the field team chose a different coordinate. Plot centers were in a few occasions moved 5–20 m to avoid edge effects or overlap with adjacent forest types.

Temperature and precipitation data for each site was obtained from the nearest weather station in the Climate Data Online repository2 with a 10 years record of daily means (January 01, 2010–December 31, 2020): Cambridge MN (for Cedar Creek), Cloquet, Itasca University of Minnesota and Ely 25 E (for HWRC). From these we calculated the median rainfall event size for each site.

Biomass estimation: Plots were established as circular plots of 36.6 m (120 ft) radius with care to avoid patch edges. Forest type was assigned following the Minnesota Native Plant Community Classification (Aaseng et al., 2011) and basal area measured using a wedge prism (Jim-Gem Rectangular prism, Forestry Suppliers). Within each plot, transects were traced in the 4 cardinal directions, and microplots (2 m radius circles) established at 6, 14, and 22 m from plot center (Figure 1C). Upper canopy communities were estimated by harvesting all recently fallen litter (epiphytes or twigs/branches with epiphytes attached) as an indirect measure (modified from McCune, 1993). The living tree nearest to the microplot center was used for bole community surveys. Trees for bole community estimates (12/plot) were identified to species and diameter at breast height (DBH) recorded. Quadrats (20 cm × 50 cm) were affixed to the bole on the north and south sides of the trunk at ground level and 1.5 m height (4 total per tree). Within each quadrat the relative cover of each epiphyte functional group was recorded. Taxa were assigned to the following functional groups based on growth form: Crustose Lichen (e.g., Lecanora), Cyanolichen (e.g., Peltigera), Small Foliose Lichen (e.g., Physcia and Physconia), Large Foliose Lichen (e.g., Parmelia and Platismatia), Tufted Fruticose Lichen (e.g., Ramalina and Usnea), Pendulous Fruticose Lichen (e.g., Bryoria), Jelly Lichen (e.g., Leptogium), Small Prostrate Bryophyte (e.g., Frullania), Large Prostrate Bryophyte (e.g., Anomodon), Feathermoss Bryophyte (e.g., Pleurozium), Small Bryophyte Cushion (e.g., Orthotrichum), Large Bryophyte Cushion (e.g., Dicranum) and Pendent Bryophyte Mat (e.g., Neckera and Porella). Results of species surveys and ground sampling will be presented in a forthcoming publication (Route et al., in prep).



Water-Holding Capacity Measurements

Water-holding capacity (WHC) and Specific Mass (SM) were measured for representative lichen and bryophyte taxa following established methods (Esseen et al., 2017; Ure and Stanton, 2019). Briefly, individual lichen thalli and bryophyte clumps were detached from their substrate and cleaned of debris in the lab before hydration. To hydrate, samples were placed over mesh and sprayed three times with distilled water at 2 min intervals for at least 15 min (20 min for large samples), flipping the sample between sprays to ensure even hydration. Following hydration the lichen thalli were placed between two mesh pieces and gently shaken three times on each side. After which filter paper is used to absorb the external water still remaining, thus leaving the internal water. Between each of these processes the wet mass was recorded. Once fully hydrated wet mass was recorded with a Mettler BB2400 digital scale (Mettler Toledo, Columbus, OH, United States) following gentle blotting (internal WHC). After these measurements the thalli were placed between two glass plates and a ruler was added for scale. A photograph of the hydrated sample projected area was taken using a light-table (to emphasize contrast) and a vertically mounted Canon EOS 80D DSLR camera (Canon U.S.A., Inc., Melville, NY, United States). The areas were measured from photographs using ImageJ 2.0 (Rueden et al., 2017). Samples were air dried for at least 48 h to obtain a dry mass.



Calculations and Analyses

All calculations and analyses were carried out R 4.0.5 (R Core Team, 2021). Specific Mass was calculated as: SM = oven dry mass (DM)/blotted wet area (Awet). Water-holding capacity as calculated as (WHC) = (wet mass (WM) − DM)/Awet.

Data from multiple species was used to calculate a mean SM and WHC for each functional group, which are presented in Table 2. Although these properties may also vary within a functional group depending on site and species characteristics, this will be explored in a forthcoming study.


TABLE 2. Mean attributes of each non-vascular epiphyte functional group.
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The functional group mean values of Specific Mass and WHC were then multiplied by cover to calculate the quadrat-scale SM and WHC attributable to each functional group:

[image: image]

These were then summed to calculate four quadrat-level Biomass and WHC values for each bole (North and South aspects at 0 and 1.5 m, respectively).

To convert quadrat-level values to tree-level we approximated each tree bole as a 10 m cylinder of constant diameter. Mean Biomass and WHC from the North and South ground level quadrats was used to calculate Biomass and WHC of the base of the tree 0–0.5 m; mean SM and WHC from the North and South 1.5 m quadrats was used to calculate Biomass and WHC of the rest (0.5–10 m):
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Stand-scale estimates were made by dividing the total basal area of trees by the mean bole cross-sectional area to approximate the number of trees:
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All data analysis was conducted in R 4.0.5 (R Core Team, 2021). Linear regressions were used to evaluate the relationships between epiphyte community properties (biomass and potential water storage capacity) and broad geographic (Latitude), macroclimatic (Mean Annual Precipitation) and forest structure (% conifers, physiographic position).



RESULTS

A total of 23 plots were studied across 4 sites, encompassing 7 major forest types and 11 different native plant communities according to the MN DNR Classification. Biomass and potential water storage capacity varied across 2 orders of magnitude, ranging from ∼9 to >900 kg ha–1 and 0.003–0.38 mm, respectively (Table 3). The nearly full spectrum of variation was present within sites and even sometimes within native plant communities, indicating stand-level variation in epiphyte biomass and potential water storage. Nearly all of the estimated biomass was due to bole epiphytes, with canopy epiphyte biomass 100–300 times smaller.


TABLE 3. Biomass and potential water-holding capacity (as both L/ha and mm depth equivalent) of bole, canopy and total epiphyte communities at each study site.
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Bole biomass showed no significant change with latitude (t = 1.934, F1,21 = 3.739, p = 0.0668, adj-R2 = 0.11, Figure 2A) or precipitation (t = −0.497, F1,21 = 0.2472, p = 0.624, adj-R2 = −0.035, Figure 2B). There was no correlation between bole and canopy biomass (t = 0.878, F1,21 = 0.7713, p = 0.0.39, adj-R2 = −0.01, Figure 2C) or water storage capacity. Canopy biomass and thus water holding capacity was much lower than on the boles, but showed stronger responses to latitude and climate. Canopy biomass increased with latitude (t = 2.303, F1,21 = 5.305, p = 0.0319, adj-R2 = 0.16), and a slight but significant decrease with precipitation (t = −2.152, F1,21 = 4.631, p = 0.0432, adj-R2 = 0.14).
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FIGURE 2. Relationships of bole epiphyte community biomass (A–C) and potential water storage capacity (D–F) to plot and site characteristics, including site latitude (A,C), mean annual precipitation (B,E) and stand composition (F). Results of linear regressions are reported in each sub-panel. n.s., not significant at p < 0.05.


These translate into equivalent patterns with bole community water storage capacity: no change with latitude (t = 0.046, F1,21 = 0.002, p = 0.9637, adj-R2 = −0.05, Figure 2D) or precipitation (t = −1.910, F1,21 = 3.648, p = 0.0699, adj-R2 = 0.11, Figure 2E). Water storage capacity on the bole community was significantly related to forest composition, with lower capacity in conifer-dominated forests (t = −2.814, F1,21 = 7.92, p = 0.0104, adj-R2 = 0.24, Figure 2F). As with biomass, patterns were more marked in canopy water storage capacity: increase with latitude (t = 2.208, F1,21 = 4.855, p = 0.0388, adj-R2 = 0.15) and decrease with precipitation (t = 2.131, F1,21 = 4.539, p = 0.0451, adj-R2 = 0.14).

Water-holding capacity was much greater in the bryophytes than the lichens (Figure 3A). As a result, total water storage was strongly inversely correlated with the proportion of lichens in the epiphyte community (t = −3.787, F1,21 = 14.34, p = 0.001, adj-R2 = 0.38, Figure 3B). The proportion of lichens varied considerably within sites, ranging from 10 to >95%, but with no significant relationship with latitude. Due to the greater water capacity of bryophytes in our study sites, this translated into a usually <50% contribution of lichens to bole community water capacity but no significant latitudinal pattern (t = 0.949, F1,21 = 0.9004, p = 0.3535, adj-R2 = −0.004, Figure 3C). Proportion of lichens was significantly greater in conifer-dominated stands (t = 4.557, F1,21 = 20.76, p = 0.0002, adj-R2 = 0.47, Figure 3D).
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FIGURE 3. Contrasting impacts of bryophytes and lichens on potential canopy water storage. Bryophytes tended to have greater internal water holding capacity across all functional groups (A), leading to a negative relationship between lichen dominance and potential water storage (B). Lichen dominance of epiphyte communities was not explained by latitude (C) but increased significantly in conifer dominated stands (D). n.s., not significant at p < 0.05.


Potential water storage by bole and canopy epiphytes amounted to 5–15% of the median 24 h rainfall at the study sites (Figure 4), with a significantly greater potential impact at the driest site (Itasca State Park; F3 = 8.568, p < 0.0008). This pattern was driven more by differences in rain event size (Table 3) than epiphyte biomass.
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FIGURE 4. Potential canopy water storage by epiphytes as a proportion of median rainfall event size (median 24 h precipitation 2010–2020) at study sites. Letters indicate significantly different groups (p < 0.05) according to Tukey HSD post-hoc tests.




DISCUSSION

Estimated biomass and water storage potential of epiphytes on boles was significant, but varied greatly between and even within forest types. Contrary to expectation, bole biomass did not show a clear latitudinal or climatic pattern across the ranges considered, which cover the transition between continental temperate and boreal forests in North America. Although estimated potential water storage by epiphytes was lower than reported for more epiphyte rich coastal and montane temperate environments, it reached hydrologically important levels in some stands.

We hypothesized a latitudinal increase in epiphyte biomass and storage capacity, based on decreasing potential evapotranspiration typically favoring greater epiphyte cover. Contrary to expectations, bole epiphyte biomass showed no response to latitude, and a negative correlation with annual precipitation. In contrast, canopy biomass, which represented only a minor fraction of the estimated biomass, increased with latitude and decreased with precipitation. A likely explanation for this result is the extensive cover of crustose lichens and small bryophytes at our lower latitude sites. These groups are less showy than the larger bodied macrolichens, and have often been overlooked in studies of ecosystem roles of epiphytes due to their small size. However, some studies of crustose lichen communities have found that they can represent comparable biomass to macrolichens (Miranda-González and McCune, 2020). Although the total estimated biomass of crustose lichens at our sites was far less than reported for tropical dry forests by Miranda-González and McCune (2020), it is nonetheless indicative of an under-valued component of canopy communities.

In the absence of macroclimatic predictors of epiphyte biomass and potential water storage, forest type appeared to be a strong driver of epiphyte community properties. Non-vascular epiphytes communities are known to be strongly influenced by host tree species, reflecting effects of bark texture, chemistry, and light availability (Ellis, 2012; Mitchell et al., 2021). Canopy structure also influences the partitioning of rainfall between throughfall and stemflow (Levia and Frost, 2003; Levia et al., 2019; Van Stan et al., 2020), which can further influence bole epiphyte communities. This effect of tree species can be seen in the strong correlations between potential water storage capacity and hardwood dominance: conifer-dominated plots had more lichen-dominated epiphyte communities and lower potential water storage. However, this broad pattern is insufficient to account for the full variation in potential water storage, especially in hardwood-dominated plots, which may be attributable in part to variation in specific host tree species. This impact of host tree identity suggests that future attempts to incorporate epiphytes into temperate-boreal ecohydrology need to account for the interactions between epiphytes, trees and climate. Preferably, species-specific allometries of canopy structure might also be applied to obtain more precise estimates of epiphyte biomass than the coarse and conservative scaling estimates presented here.

Potential storage capacity is not necessarily the same as realized capacity in natural rain events. Because of the focus on the bole, the epiphyte communities documented here primarily influence stemflow, and may have limited impacts on throughfall. Some additional factors also influence the realized storage capacity. Water storage in many bryophytes and lichens can be external as well as internal, with external water holding capacity sometimes equally or exceeding internal (e.g., Elumeeva et al., 2011; Esseen et al., 2017). Because external water-holding capacity estimates were not available for all functional groups, and external water-holding capacity is less closely correlated to mass and area (Eriksson et al., 2018), we chose to only focus on internal water storage. This likely under-estimated potential water storage capacity.

Other factors may decrease realized storage capacity when compared to estimated potential. As with leaves and bark (Eller et al., 2013; Holder, 2013; Klamerus-Iwan and Błońska, 2018), the surface hydrophobicity of lichens and bryophytes can vary not just across species, but also with hydration status, with dry thalli often more hydrophobic than those “primed” by high humidity or wetting (Lakatos et al., 2006). Epiphytes may also still be retaining water from previous precipitation or fog (Hargis et al., 2019). As such, the humidity conditions preceding a rain event may impact the amount of water retained by epiphytes. Secondly, stemflow does not proceed equally down the bole, and so some regions of the bole may contribute more than others to canopy interception. Experimental validation of epiphyte interception is needed for future work. Experimental measurements of epiphyte impacts on stem flow have been conducted in other forests (Van Stan and Pypker, 2015; Chen et al., 2019; Van Stan et al., 2020), and these methods might be adapted to temperate non-vascular epiphytes.

The estimations of epiphyte biomass applied here were ground-based, which is far more efficient than climbing or crane-based approaches but rely on assumptions of relative vertical homogeneity of epiphyte properties. Epiphyte communities can vary with vertical position in the canopy (Ellis, 2012), such that ground-based observations only capture a portion of the cover and diversity. Many non-vascular epiphytes are slow-growing, and epiphytes communities vary with branch age as well as position (Woods, 2017).However, we sought to minimize these impacts through conservative estimates of bole surface area, ignoring large branches and any portions of the main stem >10 m. Our ground-based estimate of canopy epiphyte biomass is also intended to be a conservative estimate, emphasizing the larger-bodied epiphytes on terminal branches that are most likely to be collected in litter-fall (McCune, 1993; Dettki and Esseen, 2003).

Forest age is also likely to be an important factor. In contrast to many prior studies in older forests (e.g., Liu et al., 2000; Köhler et al., 2007; Pypker et al., 2017), only one site in the present study was >100 years (Cloquet Forestry Center Pinus resinosa forest). This age bias reflects both natural disturbance from fire and windthrow and a history of logging in Minnesota, such that few centennial stands of forest persist (Friedman and Reich, 2005; Vogeler et al., 2020). The potential hydrological importance of epiphytes and other components of old-growth forests is a strong argument for their conservation, but may not represent regional patterns in areas where forest cover is more dynamic, such as Eastern and Central North America. Our estimated potential water storage capacities lie toward the lower end of the range estimated by Porada et al. (2018) in their global model of canopy interception in temperate forests.

While the results reported here suggest greater microclimatic than macroclimatic effects on epiphyte water storage potential, extension to regional patterns is limited by the low number of sites and uneven replication of forest types. Macroclimate patterns in Minnesota reflect the intersection of a South to North decreasing gradient in temperature and a South-East to North-West gradient of decreasing precipitation. These combine to create a longitudinal gradient in Potential Evapotranspiration, with PET increasing from East to West. Although our selection of sites captured the latitudinal range in Temperature, all but one of the sites (Itasca State Park) were at the same longitude. Furthermore the clustering of plots within macrosites (due to logistical constraints of accessibility) limits the interpretation of macroclimate as a linear variable. Further studies are currently ongoing to broaden the geographic, macroclimatic and vegetational range of data.



CONCLUSION

Although easily overlooked, non-vascular epiphytes have the potential to impact forest hydrology even in continental environments where their apparent biomass can seem small. The potential impact on forest hydrology found in our sites across the temperate-boreal ecotone was lower than that reported in more humid, coastal temperate and sub-boreal forests where most prior studies have been conducted. This potential canopy storage by epiphytes was site and forest-type specific, with considerable variation even in nearly adjacent plots. While approximate, we hope that the relatively rapid and easy techniques presented here might serve a wider survey of the potential roles of epiphytes in forest hydrology, one that does not just consider the large-bodied non-vascular and vascular components, but also the small but extensive cover of small non-vascular epiphytes as well.
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FOOTNOTES

1MNDNR (Minnesota Department of Natural Resources) – Division of Ecological and Water Resources - Biological Survey. MDNR Native Plant Communities. Accessed May 2020. Retrieved from: https://gisdata.mn.gov/dataset/biota-dnr-native-plant-comm

2Climate Data Online, National Centers for Environmental Information https://www.ncdc.noaa.gov/cdo-web/
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