[bookmark: _GoBack]Supplemental Materials

Title: Physical and functional constraints on viable belowground acquisition strategies
Authors: M. Luke McCormack and Colleen M. Iversen
Text S1. Assembly and cleaning of data subset from the Fine-Root Ecology Database (FRED)
Following download and initial cleaning of the FRED 2.4 dataset to remove unnecessary traits, auxiliary data, and data collected from mixed communities (i.e. not species-specific data), we conducted a series of additional cleaning and quality control steps to prepare the final dataset. First, two studies that reported their order-based root traits according to centrifugal ordering scheme (Pregitzer et al. 1997, Sun et al. 2016) while most other available data were reported according to the morphometric or centripetal ordering scheme (Fitter 1982). In these two cases, we reversed the order assessments such that the lowest order roots corresponded to the smallest most distal root in the fine-root system. This ensured that these data were directly comparable with the wider database. We removed trait data associated with pioneer first-order roots as opposed to fibrous first-order roots (Zadworny and Eissenstat 2011). Because of limited coverage and comparability, the few observations of bryophytes contained in FRED were removed from this analysis. All data not collected under outdoor, field conditions were removed (e.g. hydroponics and greenhouse studies; Poorter et al. 2016). However, data collected from field studies that included a fertilization treatment were retained. This represented less than 10% of the total data, of which less than half included nitrogen fertilizer. In all cases, these numbers were combined with non-treatment values and averaged into representative, single-species values (see below). 
Classifications for mycorrhizal associations (e.g. arbuscular mycorrhizal, AM; ectomycorrhizal; EM; ericoid mycorrhizal ErM) were included in FRED when reported by the original study. For species that had not yet been classified, we added this information according to previously published studies and databases (Harley and Harley 1987, Brundrett and Kendrick 1988, Wang and Qiu 2006, Brundrett 2009, Maherali et al. 2016). However, in cases where a given species was nearly always reported as one mycorrhizal type but with a few exceptions reporting another mycorrhizal type (e.g. Acer rubrum commonly reported as AM but with a few observations of EM), we would only list the predominate association rather than listing the species as a dual mycorrhizal host. We then added additional data from the study by Li et al. (2017) that were originally unpublished and not available in FRED concerning fine-root diameter of first-order roots as well as mycorrhizal colonization rates across 26 grassland species. Finally, while some species’ traits in the dataset are represented by a single reported value, for many species, trait data were available from numerous independent observations (e.g. Fraxinus mandshurica and Pinus sylvestris). In all cases, within species trait data were averaged to yield a single trait value for a given trait and species. While this masks potential for intraspecific variation in fine-root traits (e.g. Zadworny et al. 2017), it serves a robust starting point for understanding broad patterns of fine-root trait variation across species.
The initial species average dataset based on species averages consisted of 374 individual plant species. However, data points for 5 species were removed as outliers due to extreme values based on visual inspection. The final dataset used here consisted of 369 species representing 76 families and 34 taxonomic orders. Of these 369 species, the majority were classified as associating with either AM or EM fungi with only 6 species being noted as primarily non-mycorrhizal (AM/NM) or fully non-mycorrhizal (NM). This dataset was used for regression analysis. An additional dataset in which all five traits (nitrogen content, diameter, specific root length-SRL, root tissue density-RTD, mycorrhizal colonization) were available for each species was also used for analysis and contained 117 individual species.

Text S2. Parameterization of the heuristic model of belowground exploration efficiency.
[bookmark: _Hlk528755131]Data for root-specific traits were derived from a subset of the FRED 2.4 data used in the above analysis with specific emphasis placed on non-mycorrhizal and arbuscular mycorrhizal associates. We excluded ectomycorrhizal and ericoid mycorrhizal associates as well as dual-host mycorrhizal associates. The relationship between first-order root diameter (mm) and RTD (g cm-3) was expressed as:
		eq. 1
where D represents root diameter (mm). The relationship between first-order root diameter and percent mycorrhizal colonization was expressed as:
	eq. 2
We limited the root diameter range used in the heuristic model from 0.1 mm to 0.7 mm roots, reflecting a typical range of first-order root diameters observed in many terrestrial ecosystems (Pregitzer et al. 2002, Kong et al. 2014, Li et al. 2017). However, the empirical relationships described above were derived using FRED 2.4 as presented above, where first-order fine-root diameters ranged from ca. 0.09 to 1.1 mm. Initial data checks indicated that the relationship was similar regardless of whether it was derived using the full diameter range or a subset. 
Data concerning traits of mycorrhizal fungi are not as widely reported as root traits which limits our ability to parameterize these traits as continuous variables. The values used here are intended to broadly represent relatively low and high values reported in the literature rather than a continuous empirical relationship with root diameter. Therefore, the model results should be viewed as potential boundaries for likely values seen in natural systems. Among the different scenarios, we included low and high estimates for hyphal diameter of 3 and 10 µm, respectively (Bååth and Söderström 1979, Miller et al. 1995). These are reflective of individual hyphae and not for aggregated hyphal rhizomorphs or cords. Low and high values for hyphal production rates, reported as the length of hyphae associated with a unit of colonized root length, were prescribed as 1 and 10 m of hyphal length per cm colonized root length (Abbott et al. 1984, Miller et al. 1995, Li et al. 2019). Finally, an average density of hyphal tissues was set to 1.1 g cm-3 and used for all fungal scenarios (Bakken and Olsen 1983), but we note that other studies have used lower estimates (e.g. 0.44 g cm-3; Yanai et al. 1995). Using these lower estimates does not qualitatively change our results; however, lower tissue densities for fungal hyphae would further exaggerate the patterns observed such that belowground exploration efficiency (surface area gains per construction cost) would see an even greater increase with greater reliance on fungal hyphae.
In total we present six different scenarios with the heuristic model. In addition to a scenario where only roots were considered (i.e. no contribution by mycorrhizal fungi), factorial combinations of high- and low hyphal production rates with high- and low first-order fine-root diameter were used in an additional four model scenarios (Table S1). We also present a ‘gradient’ scenario in which the hyphal production rate associated with roots increases with fine-root diameter such that the smaller-diameter roots derive a lower proportion of their absorptive surface area from fungal hyphae and the largest diameter roots are the most strongly associated with mycorrhizal fungi. This is consistent with studies reporting lower values of hyphal length or mycorrhizal dependency associated with sites or species with lower root diameters and higher SRL (Manjunath and Habte 1991, Miller et al. 1995, Liu et al. 2015), though exceptions have been observed within some sites where variation in hyphal length across species may be limited despite wide differences in root morphologies and mycorrhizal colonization rates (Chen et al. 2016). The concept of increased hyphal production rates associated with larger-diameter roots is further consistent with the idea that root cortical cells serve as the primary site of association and exchange between roots and arbuscular mycorrhizal fungi (Brundrett 2002). Therefore, as cortex volume increases in large-diameter roots (Kong et al. 2014), we may expect greater potential for exchange with plants to support growth of fungal hyphae.

Figure S1. Fine-root and fungal trait data used to parameterize the heuristic model. Smoothed-spline relationships are shown between first-order root diameter and mycorrhizal colonization (a; λ=0.05) and RTD (b, λ=0.05). These were then fit by a second-order polynomial to derive empirical relationships for model use. Data were initially taken from FRED 2.4 and then subset to include only species known to associate with arbuscular mycorrhizal fungi (as well as non-mycorrhizal species). Panel (c) depicts the high, low, and gradient hyphal production scenarios used to capture wide variability reported in literature.
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Figure S2.  Correlations between mycorrhizal colonization and root diameter (panels a, b) or specific root length (SRL; panels c, d) separated by mycorrhizal association. Panels a and c present species that associate with arbuscular mycorrhizal fungi (AM), are considered facultatively AM (AMNM), or are considered non-mycorrhizal (NM). Panels b and d present only species that associate with ectomycorrhizal fungi (EM). Linear fits and Pearson’s correlation coefficient (r) are shown for significant relationships (p ≤ 0.05) along with sample numbers (N). Diameter and SRL data were log-transformed while mycorrhizal colonization was transformed using the angular transformation. 
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Table S1. Six general scenarios and fungal parameters used in the heuristic model of belowground exploration efficiency. Root parameters are based on empirical relationships and are reported in equations 1 and 2 and presented in Figure S1.
	Scenario
	Hyphal Tissue Density (g cm-3)†
	Hyphal Diameter (µm)‡
	Hyphal Production Rate (m hyphal length per cm colonized root length)*

	Fine roots only
	NA
	NA
	0

	Fine roots plus mycorrhizal hyphae
	
	
	

	Small diameter, low production
	1.1
	3
	1

	Small diameter, high production
	1.1
	3
	10

	Large diameter, low production
	1.1
	10
	1

	Large diameter, high production
	1.1
	10
	10

	Gradient of hyphal production 
	1.1
	6.5
	y = 15(Root Diameter) - 0.5


†Bakken and Olsen (1983)
‡Bååth and Söderström (1979); Miller et al. (1995)
*Abbott et al. (1984); Miller et al. (1995); Li et al. (2019)
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