Contrasting impacts of cultivated exotics on the functional diversity of domestic gardens in three regions with different aridity
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Appendix S1: Characterization of studied regions
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Figure S1: Locations of the three studied regions (i.e., Minneosta, Alt Empordà, and central South Africa) in the global context (A) and within countries (B). For each region, we also show the location of individual domestic gardens (C; pink dots).
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Figure S2: Result of the non-metric multidimensional scaling (NMDS) based on Sørensen dissimilarity index of the flora of 460 domestic gardens in Minnesota (US), Alt Empordà (Spain) and central South Africa. We performed NMDS with R package vegan (Oksanen and others, 2017).
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Table S1: Locations with datasets included in the study. A complete list of original references using that particular dataset is also provided. References for datasets can be found in the main text.
	Location
	Dataset
	References
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Knapp, S., Dinsmore, L., Fissore, C., Hobbie, S.E., Jakobsdottir, I., Kattge, J., King, J.Y., Klotz, S., McFadden, J.P. & Cavender-Bares, J. (2012) Phylogenetic and functional characteristics of household yard floras and their changes along an urbanization gradient. Ecology, 93, S83–S98.

	
	Padullés Cubino and Narango (2019a)
	Padullés Cubino, J., Avolio, M.L., Wheeler, M., Larson, K., Hobbie, S.E., Cavender-Bares, J., Hall, S.J., Nelson K.C., Trammell, T.L.E., Neill, C., Pataki, D.E., Grove, J.M., Groffman, P.M. (2020). Linking yard plant diversity to homeowners’ landscaping priorities across the U.S. Landscape & Urban Planning, 196, 103730.
Padullés Cubino, J., Cavender-Bares, J., Hobbie, S.E., Pataki, D.E., Avolio, M.L., Darling, L.E., Larson, K.L., Hall, S.J., Groffman, P.M., Trammell, T.L.E., Steele, M.K., Grove, J.M. & Neill, C. (2019) Drivers of plant species richness and phylogenetic composition in urban yards at the continental scale. Landscape Ecology, 34, 63-77.
Padullés Cubino, J., Cavender-Bares, J., Hobbie, S.E., Hall, S.J., Trammell, T.L.E., Neill, C., Avolio, M.L., Darling, L.E., Groffman, P.M. (2019). Contribution of non-native plants to the phylogenetic homogenization of US yard floras. Ecosphere, 10, e02638.
Pearse, W.D., Cavender-Bares, J., Hobbie, S.E., Avolio, M.L., Bettez, N., Roy Chowdhury, R., Darling, L.E., Groffman, P.M., Grove, J.M., Hall, S.J., Heffernan, J.B., Learned, J., Neill, C., Nelson, K.C., Pataki, D.E., Ruddell, B.L., Steele, M.K. & Trammell, T.L.E. (2018). Homogenization of plant diversity, composition, and structure in North American urban yards. Ecosphere, 9, e02105.
Locke, D.H., Avolio, M., Trammel, T., Chowdhury, R.R., Grove, J.M., Rogan, J., Martin, D.G., Bettez, N., Cavender-Bares, J., Groffman, P.M. and Hall, S.J. (2018). A multi-city comparison of front and backyard differences in plant species diversity and nitrogen cycling in residential landscapes. Landscape and Urban Planning, 178, 102-111.
Wheeler, M. M., C. Neill, P. M. Groffman, M. Avolio, N. Bettez, J. Cavender-Bares, R. Roy Chowdhury, L. Darling, J. M. Grove, S. J. Hall, J. B. Heffernan, S. E. Hobbie, K. L. Larson, J. L. Morse, K. C. Nelson, L. A. Ogden, J. O’Neil-Dunne, D. E. Pataki, C. Polsky, M. Steele, and T. L. E. Trammell. (2017). Continental-scale homogenization of residential lawn plant communities. Landscape and Urban Planning, 165, 54–63.

	Alt Empordà (Spain)
	Padullés Cubino (2019)
	Padullés Cubino, J.; Kirkpatrick, J.B.; Vila, J. (2017). Do water requirements from Mediterranean gardens relate to socio-economic or demographic factors? Urban Water Journal, 14, 401-408.		
Padullés Cubino, J.; Vila, J.; Barriocanal, C. (2016). Floristic and structural differentiation between gardens of primary and secondary residences in the Costa Brava (Catalonia, Spain). Urban Ecosystems, 19, 505-521.
Padullés Cubino, J., Vila Subirós, J. & Barriocanal Lozano, C. (2015). Propagule pressure from invasive plant species in gardens in low-density suburban areas of the Costa Brava (Spain). Urban Forestry & Urban Greening, 14, 941–951.
Padullés Cubino, J.; Vila, J.; Barriocanal, C. (2014). Maintenance, modifications, and water use in private gardens of Alt Empordà, Spain. Horttechnology, 24, 374-383.

	South Africa
	Dataset will be made publicly available upon manuscript acceptance
	Davoren, E., Siebert, S., Cilliers, S. & du Toit, M.J. (2016). Influence of socioeconomic status on design of Batswana home gardens and associated plant diversity patterns in northern South Africa. Landscape and Ecological Engineering, 12, 129–139.
Lubbe C.S., Siebert S.J., Cilliers S.S. (2011). A floristic analysis of domestic gardens in the Tlokwe Municipal area, South Africa. Bothalia, 41, 351–361.
Lubbe, C.S., Siebert, S.J. & Cilliers, S.S. (2010) Political legacy of South Africa affects the plant diversity patterns of urban domestic gardens along a socio-economic gradient. Scientific Research and Essays, 5, 2900–2910.
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Table S2: Climatic data for the three regions included in our study. For each climatic variable and urban area, we provide the raw value and the standardized value in brackets. Standardized values were used to assess what climatic variable maximized climatic variation among regions (i.e., a middle-standardized value closer to 0.5). The variable that maximized climatic variation among regions was the Aridity index, and its middle-standardized value (0.47) is shown in bold.

	Regions
	Mean Annual Temperature (ºC)1
	Maximum temperature of the warmest month (ºC)1
	Minimum temperature of the coldest month (ºC)1
	Annual precipitation (mm)1
	Aridity index
(*10,000)2

	Minnesota
	7.02 (0.00)
	26.67 (0.00)
	-17.40 (0.00)
	754 (1.00)
	8291 (1.00)

	Alt Empordà
	15.24 (0.85)
	27.86 (0.36)
	3.70 (1.00)
	531 (0.00)
	6118 (0.47)

	South Africa
	16.73 (1.00)
	30.00 (1.00)
	1.39 (0.89)
	720 (0.84)
	4217 (0.00)


 1Climatic data represent average values across all households in each region. They were obtained from the WorldClim database v.2 (www.worldclim.org/version2).
2Details on the calculation of the Aridity index can be found in the Methods.
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Figure S3: Histogram of the proportion (%) of cultivated exotic plants in domestic gardens in the threes sampled regions.
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Appendix S3: Details on missing trait data imputation and performance assessment

Data for plant height and leaf area were not available for some species (Table S3). Deleting species with missing data from the analysis would reduce the number of data points substantially, and probably bias the results because of the selective removal of species that were less well known (Swenson, 2014). These cases were accommodated by estimating the missing values using phylogenetic information from species with available data. Some characteristics inherent to functional traits such as a strong phylogenetic trait signal and structural trade-offs between traits support statistical gap-filling of sparse trait matrices using this approach (Swenson 2014).

Table S3: Proportion of plant species with available trait data within and across sampled regions. Note that a same species can be classified as either cultivated or spontaneous in different regions and/or gardens.

	Location and species pool
	Total number of species
	% of species with trait values

	
	
	Plant Showiness
	Plant height (m)
	Leaf area (mm2)

	Across all regions (all species)
	1,863
	100
	87
	58

	               Cultivated
	1,388
	100
	84
	53

	               Spontaneous
	656
	100
	95
	76

	Within each region
	 
	 
	 
	 

	 
	Minnesota (all species)
	956
	100
	83
	64

	
	   Cultivated
	684
	100
	80
	59

	
	   Spontaneous
	417
	100
	92
	80

	 
	Alt Empordà (all species)
	549
	100
	83
	57

	
	   Cultivated
	461
	100
	80
	51

	
	   Spontaneous
	88
	100
	99
	86

	 
	South Africa (all species)
	760
	100
	100
	56

	
	   Cultivated
	550
	100
	100
	51

	
	   Spontaneous
	210
	100
	100
	70




Detailed studies of contemporary evolution have revealed that a rich variety of processes influence how traits evolve through time. These studies have documented the action of natural selection on traits from one generation to the next. For example, changes in environmental conditions affect which individuals survive within the population. When natural selection acts on traits that can be inherited from parents to offspring, those traits evolve. Therefore, functional traits have a strong phylogenetic signal and structural trade-offs between traits and trait-environment relationships.

In our study we followed this assumption to estimate missing traits using phylogenetic information from species with available data. Particularly, we used the function ‘phylopars’ in the R package Rphylopars (Goolsby and others, 2017). This function provides an efficient and statistically consistent method of combining any number of empirical observations with the phylogenetic tree to arrive at a complete set of estimates for missing parameter values. Furthermore, the function can be used to fit alternative evolutionary models. We constructed a phylogenetic tree using an updated version of the Zanne and others (2014) phylogeny constructed by Qian and Jin (2016). In our case, four alternative evolutionary models with implicit assumptions were initially considered: 

· Brownian motion (BM): The BM is the simplest model and assumes that, through time, traits evolve via a random walk process. In this model there is no optimum value for the trait, and there are no processes (e.g., selection) that influence the trait value. Variation is unbounded and accumulates linearly as a function of time, and the expected difference in trait value (i.e., the mean value) is zero.
· Ornstein-Uhlenbeck (OU): The OU model is derived from the Brownian motion model, but has an additional “constraint parameter”, which pulls the trait value towards the long term mean. This mean can be conceptualized as the optimum value for a particular trait. The result of this model is a much more bounded set of trait values, but again, the mean trait value is zero. When the parameter is 0, the model is equivalent to the BM model.
· Multivariate Ornstein-Uhlenbeck (MOU): The MOU model is equivalent to the OU process assuming that trait values across species can covary because of phylogenetic relationships. In this case, scalars are replaced by vectors, or matrices, as appropriate.
· Early Burst (EB): The EB model is also derived from the Brownian motion model. Like the OU model, this model includes an extra parameter (r) that describes how the rate of evolution changes exponentially through time. The result is that, when r is negative, the evolution of a continuous trait takes place rapidly at first, and decelerates with time (conversely, when r is positive, rates accelerate). When r is 0, the model is equivalent to the BM model. 

The four models were compared using the available trait data from our data set and the best-fitting model (OU) extracted on the basis of the lowest AIC value (AICBM = 83183; AICOU = 82994; AICMOU =83182; AICEB = 83184). Under the OU model, the effect of branch length on variance dies out after a short time, and so the traits can be quite similar to each other, even after a long divergence time.

To asses the performance of trait imputation in our data, we initially reduced our species × trait matrix to a new matrix retaining only those species with complete trait data for each plant trait. From this new matrix, we randomly removed values so that the percent of missing values ranged from 10% to 20% in plant height and from 10% to 50% in leaf area, thus including the range of observed data gaps in our original dataset (Table S3). We then imputed the missing trait values using the approach described above. We repeated this process 100 times for each trait and each proportion of missing values, and calculated the mean Normalized Root Mean Squared Error (NRMSE; Oba and others 2003), which is the mean of squared imputation errors divided by the total range for each trait, across the 100 imputations. NRMSE ranges between 0 an 1, and a value of 0 would indicate a perfect fit to the data. In addition, we also calculated the coefficient of determination (R2) that gives the proportion of the variance of the the real data tha is predictable from the the imputed data. R2 also ranges between 0 a 1, and a value of 1 would indicate a perfect fit of the data. We calculated both measures with the function ‘gof’ in R package hydroGOF (Zambrano-Bigiarini 2020).



Table S4: Mean error (NRMSE) and R2 derived from trait imputation on different proportions of data removal for plant height and leaf area. 

	Plant trait
	Proportion (%) of missing values
	NRMSE
	R2

	Plant height
	10
	0.17
	0.97

	
	20
	0.25
	0.93

	Leaf area
 
 
 
	10
	0.05
	1.00

	
	20
	0.18
	0.97

	
	30
	0.24
	0.94

	
	40
	0.37
	0.74

	
	50
	0.51
	0.66



In general, our results showed that imputations were consistently more accurate at lower missigness rates for both plant height and leaf area (Table S4). Species with missing trait values in our dataset represented the 13% and 42% of all species for plant height and leaf area, respectively (Table S3). Therefore, the performance of our imputations was moderate to high.
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Appendix S4: Sensitivity analyses considering different maximum plant height

Some cultivated species in domestic gardens rarely achieve their maximum plant height because human management imposes strong constrains on this plant trait. For this reason, and based on the authors’ personal observations and knowledge on the vegetation of analyzed domestic gardens, we established a maximum plant height of 25 m, and assigned this value to all species taller than that. Nonetheless, we repeated analyses with different maximum plant heights to test for their effect on the results, but they all showed similar patterns (compare Table S5 vs. Table 2, and Figure S4 vs. Figure 2).
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Table S5: Results from candidate linear mixed-effects models predicting the mean and variance of plant height considering different maximum plant heights (i.e., 15m, 35m, and 45m) across all domestic gardens. For each model, the number of parameters (K), the change in small-sample-size-corrected Akaike’s information relative to the best model (ΔAICc), the model weight (wi), the log-likelihood (Log(L)), the marginal and conditional R-squared are given. Models within two ΔAICc points of the top model are shown in bold. We also present model-averaged estimates and unconditional SE for each explanatory variable of interest incorporated into the whole set of models. Unconditional confidence intervals that do not overlap zero are shown in bold. All models include ‘city’ nested within ‘region’ as random effect and ‘garden area’ (log-transformed) as fixed effect (not shown). n.a.= not applicable.

	Response variable
	Model
	K
	ΔAICc
	wi
	Log(L)
	Marginal R2
	Conditional R2
	 
	Model-averaged estimate
	Unconditional SE

	Plant heightCM (max. 15m)
	M5 Cul. Exotics*Aridity
	7
	0
	1
	-579.68
	0.23
	0.23
	 
	-0.40
	0.05

	
	M4 Cul. Exotics + Aridity
	6
	56
	0
	-608.72
	0.13
	0.13
	 
	n.a.
	n.a.

	
	M3 Log(Cul. Exotics)
	5
	56.02
	0
	-609.75
	0.13
	0.13
	 
	0.31
	0.04

	
	M2 Cul. Exotics
	5
	56.28
	0
	-609.88
	0.13
	0.13
	 
	0.24
	0.05

	
	M1 Aridity
	5
	88.95
	0
	-626.22
	0.36
	0.62
	 
	-0.28
	0.07

	
	M0 Null
	4
	97.98
	0
	-631.75
	0.06
	0.08
	 
	n.a.
	n.a.

	Plant heightCM (max. 35m)
	M5 Cul. Exotics*Aridity
	7
	0
	1
	-703.61
	0.26
	0.29
	 
	-0.54
	0.07

	
	M3 Log(Cul. Exotics)
	5
	55.31
	0
	-733.33
	0.16
	0.16
	 
	0.29
	0.06

	
	M2 Cul. Exotics
	5
	56.58
	0
	-733.96
	0.16
	0.16
	 
	0.20
	0.07

	
	M4 Cul. Exotics + Aridity
	6
	58.23
	0
	-733.76
	0.17
	0.18
	 
	n.a.
	n.a.

	
	M1 Aridity
	5
	71.72
	0
	-741.53
	0.13
	0.13
	 
	-0.17
	0.13

	
	M0 Null
	4
	74.64
	0
	-744.01
	0.12
	0.12
	 
	n.a.
	n.a.

	Plant heightCM (max. 45m)
	M5 Cul. Exotics*Aridity
	7
	0
	1
	-717.98
	0.25
	0.28
	 
	-0.56
	0.07

	
	M3 Log(Cul. Exotics)
	5
	56.25
	0
	-748.16
	0.15
	0.16
	 
	0.31
	0.07

	
	M2 Cul. Exotics
	5
	57.65
	0
	-748.86
	0.15
	0.16
	 
	0.20
	0.07

	
	M4 Cul. Exotics + Aridity
	6
	59.51
	0
	-748.76
	0.16
	0.17
	 
	n.a.
	n.a.

	
	M1 Aridity
	5
	72.49
	0
	-756.29
	0.11
	0.11
	 
	-0.22
	0.14

	
	M0 Null
	4
	73.42
	0
	-757.77
	0.10
	0.10
	 
	n.a.
	n.a.

	Plant heightVAR (max. 15m)
	M5 Cul. Exotics*Aridity
	7
	0
	1
	-1516.9
	0.13
	0.33
	 
	-2.80
	0.40

	
	M0 Null
	4
	37
	0
	-1538.5
	0.09
	0.10
	 
	n.a.
	n.a.

	
	M1 Aridity
	5
	38.53
	0
	-1538.3
	0.08
	0.09
	 
	-4.20
	1.21

	
	M2 Cul. Exotics
	5
	38.98
	0
	-1538.5
	0.09
	0.10
	 
	-0.09
	0.41

	
	M3 Log(Cul. Exotics)
	5
	39.04
	0
	-1538.5
	0.09
	0.10
	 
	-0.03
	0.37

	
	M4 Cul. Exotics + Aridity
	6
	40.58
	0
	-1538.3
	0.08
	0.09
	 
	n.a.
	n.a.

	Plant heightVAR (max. 35m)
	M5 Cul. Exotics*Aridity
	7
	0
	1
	-2011.2
	0.08
	0.46
	 
	-8.42
	1.17

	
	M0 Null
	4
	41.45
	0
	-2035
	0.06
	0.23
	 
	n.a.
	n.a.

	
	M1 Aridity
	5
	43
	0
	-2034.7
	0.11
	0.24
	 
	-9.06
	3.85

	
	M3 Log(Cul. Exotics)
	5
	43.42
	0
	-2034.9
	0.06
	0.24
	 
	0.31
	1.15

	
	M2 Cul. Exotics
	5
	43.49
	0
	-2035
	0.06
	0.23
	 
	-1.12
	1.20

	
	M4 Cul. Exotics + Aridity
	6
	44.94
	0
	-2034.7
	0.12
	0.24
	 
	n.a.
	n.a.

	Plant heightVAR (max. 45m)
	M5 Cul. Exotics*Aridity
	7
	0
	1
	-2114.3
	0.08
	0.46
	 
	-10.00
	1.47

	
	M0 Null
	4
	36.59
	0
	-2135.7
	0.06
	0.23
	 
	n.a.
	n.a.

	
	M3 Log(Cul. Exotics)
	5
	38.39
	0
	-2135.6
	0.06
	0.24
	 
	0.71
	1.42

	
	M1 Aridity
	5
	38.57
	0
	-2135.7
	0.11
	0.24
	 
	-12.46
	4.71

	
	M2 Cul. Exotics
	5
	38.6
	0
	-2135.7
	0.06
	0.23
	 
	-0.75
	1.50

	
	M4 Cul. Exotics + Aridity
	6
	40.61
	0
	-2135.7
	0.12
	0.24
	 
	n.a.
	n.a.
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Figure S4: Relationship between the mean (top row) and variance (bottom row) of plant height considering three different maximum plant heights (i.e., 15m, 35m, and 45m) and the proportion (%) of cultivated exotics in domestic gardens. In each plot, points and linear regressions are colored according to ‘region’. Blue colors represent cooler and wetter conditions (i.e., Minnesota), red colors represent warmer and drier conditions (i.e., central South Africa), and violet colors intermediate conditions between the two (i.e., Alt Empordà). Shaded areas indicate 95% confidence intervals. Standardized regression coefficients (β), and adjusted R2 are also provided. *, ** and *** indicate significant interactions at P < 0.05, 0.01, and 0.001, respectively.




Appendix S5: Complementary analyses

Table S6: Results of Moran’s I test for each response variable and derived model residuals. SD = standard deviation.

	Response variable
	Observed
	Expected
	SD
	P-value

	Plant showinessCM
	0.47
	0.00
	0.01
	<0.01

	Plant showinessCM (residuals)
	0.01
	0.00
	0.01
	0.15

	Plant heightCM
	0.17
	0.00
	0.01
	<0.01

	Plant heightCM (residuals)
	0.02
	0.00
	0.01
	0.05

	log(Leaf areaCM)
	0.13
	0.00
	0.01
	<0.01

	log(Leaf areaCM) (residuals)
	0.00
	0.00
	0.01
	0.90

	Plant showinessCV
	0.03
	0.00
	0.01
	0.01

	Plant showinessCV (residuals)
	0.01
	0.00
	0.01
	0.37

	Plant heightCV
	0.32
	0.00
	0.01
	<0.01

	Plant heightCV (residuals)
	0.03
	0.00
	0.01
	0.04

	log(Leaf areaCV)
	0.11
	0.00
	0.01
	<0.01

	log(Leaf areaCV) (residuals)
	0.00
	0.00
	0.01
	0.90




Table S7: Results for Mann-Whitney U test and F-tests comparing the mean and variances, respectively, for each plant trait (i.e., plant showiness, plant height, and leaf area) in each particular location. CM = community mean; CV = community variance.

	Region
	Variable
	Tests results

	Minnesota
	Plant showinessCM
	W = 1264,  p-value < 2.2e-16

	
	Plant showinessVAR
	F = 1.051, num df = 154, denom df = 154, p-value = 0.7581

	
	Plant heightCM
	W = 21386, p-value < 2.2e-16

	
	Plant heightVAR
	F = 1.5734, num df = 154, denom df = 154, p-value = 0.005177

	
	Leaf areaCM
	W = 9831, p-value = 0.00571

	
	Leaf areaVAR
	F = 0.065738, num df = 154, denom df = 154, p-value < 2.2e-16

	Alt Empordà
	Plant showinessCM
	W = 2263.5, p-value < 2.2e-16

	
	Plant showinessVAR
	F = 2.0696, num df = 153, denom df = 153, p-value = 8.863e-06

	
	Plant heightCM
	W = 8179, p-value = 2.512e-06

	
	Plant heightVAR
	F = 1.3326, num df = 153, denom df = 153, p-value = 0.07677

	
	Leaf areaCM
	W = 4594, p-value < 2.2e-16

	
	Leaf areaVAR
	F = 0.023914, num df = 153, denom df = 153, p-value < 2.2e-16

	South Africa
	Plant showinessCM
	W = 2062.5, p-value < 2.2e-16

	
	Plant showinessVAR
	F = 0.96377, num df = 145, denom df = 145, p-value = 0.8245

	
	Plant heightCM
	W = 1718, p-value < 2.2e-16

	
	Plant heightVAR
	F = 0.24182, num df = 145, denom df = 145, p-value < 2.2e-16

	
	Leaf areaCM
	W = 6652, p-value = 2.822e-08

	
	Leaf areaVAR
	F = 0.028048, num df = 145, denom df = 145, p-value < 2.2e-16
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[bookmark: _gjdgxs]Figure S5: Relative influence of predictor variables on the mean and variance of plant showiness (a-b), plant height (c-d) and leaf area (e-f) in domestic gardens. Effect sizes are standardized coefficients from linear mixed-effects models estimated separately for each predictor variable of interest. The lines indicate 95% confidence interval. Solid green circles indicate significant positive effects, solid orange circles indicate significant negative effects, and open circles indicate non-significant effects. CM = community mean; CV = community variance.
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Figure S6: Relationship between the mean (top row) and variance (bottom row) of the three plant traits (i.e., plant showiness, plant height, and leaf area) and the proportion (%) of cultivated exotics in domestic gardens in the two municipalities of South Africa: Johannesburg (orange), and Tlokwe (blue). Shaded areas indicate 95% confidence intervals. We found consistent patterns between the two municipalities for all traits, thus supporting the inclusion of the two municipalities under the same region in our analyses.


[image: ]
Figure S7: Density curves for plant showiness, plant height, and leaf area of cultivated exotic and native species in gardens in Minnesota (a-c), Alt Empordà (d-f), and central South Africa (g-i).
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