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Study region and species richness 

The study region includes southern Ontario, Canada (~200,000 km2), and New York State, USA 
(~125,400 km2) (Fig 1, main text). Both areas contain mixed hardwood forests in lowland areas, and 
boreal forest in areas on Precambrian granite shield and at higher elevations.  Forest clearing in the 
area occurred principally during the 17th to 19th century European settlement of the area (De Camargo 
& Currie, 2015).   

To calculate survey landscape-level avian species richness in this study, we used species 
distribution data from the Ontario Breeding Bird Atlas (OBBA, Cadman et al., 2007) and the New York 
State Breeding Bird Atlas (NYBBA, McGowan & Corwin, 2008).  Both atlases were based on systematic 
surveys conducted between 2000 and 2005.  Both used experienced birders to identify the breeding 
bird species occurring within each quadrat. Sampling was carried out over several years and was 
designed to sample all habitats in a grid cell.  Since the goal was to find all species breeding in each 
quadrat, we treat species not observed in a quadrat as being truly absent (Trzcinski et al., 1999). 
Richness in a quadrat represents the total number of species observed breeding in that quadrat 
during one or more years in the five-year period. 

The NYBBA sampled birds on a 5x5 km grid; the OBBA used a quadrat size of 10x10 km. In 
order to compare survey richness between atlases, we resampled the NYBBA data at 10x10 km 
quadrat size (same cell-size as the OBBA). We calculated survey richness by counting the number of 
unique species’ presences from the original survey quadrats within each new 100-km2 grid cell in New 
York State. We also compared survey richness at 30x30km grid cells in both regions.  

Range-map bird species richness was estimated using species range maps in the BirdLife 
International World Bird Database (BirdLife International 20201). We overlaid species’ ranges on the 
25-km2 (NYBBA) and 100-km2 (OBBA) quadrats. We resampled New York at 100-km2, and both 
Ontario and New York with 30x30km grid cells (900-km2). Range-map richness in a quadrat represents 
the total number of species’ ranges that overlap that quadrat. 

Sampling effort per quadrat varies both within and between the two atlases. For the NYBBA, 
atlassers were assigned to survey one or more NYBBA quadrats and were expected to spend at least 
8h in each 25-km2 block, visiting each habitat present, and recording at least 76 species. For the OBBA 
surveys, each volunteer was assigned to search a specific 100-km2 quadrat as completely as possible 
for evidence of all species breeding therein. Volunteers were instructed to search in particular for 
regionally rare species. We excluded ABBO quadrats with <20 hours and > 600 hours of bird censusing 
effort (median effort ≅ 45 hours).  Since the OBBA quadrats were four times larger than the NYBBA 
quadrats, the effort per unit area was similar in the two atlases. Sampling effort only accounted for a 
small percentage of the variance in richness in ON in our previous studies in Ontario (De Camargo & 
Currie, 2015; De Camargo et al., 2018). In this study, including effort as a covariate in our models did 
not change qualitatively the shape of the relationships between richness and land cover. Therefore, 
the models we present below did not include effort. 
 
Richness predictors 

The global consensus land cover data set (Tuanmu & Jetz, 2014) is composed of 12 land-cover 
classes, observed at a spatial resolution of 30 arc-seconds (~1 km2). The land-cover classes are: 1. 
Evergreen / Deciduous Needleleaf trees, 2. Evergreen broadleaf trees, 3. Deciduous broadleaf trees, 
4. Mixedwood/other trees, 5. Shrubs, 6. Herbaceous vegetation, 7. Cultivated and Managed 

 
1 Birdlife International. (2020). Data zone. Retrieved from http://datazone.birdlife.org/species/requestdis 



Vegetation, 8. Regularly flooded vegetation, 9. Urban/Built-up, 10. Snow/Ice, 11. Barren, and 12. 
Open Water. The proportion of pixels in each land cover class was determined within each quadrat 
(0%-100%). To obtain the pNLC in each of our sampling units, we summed classes 1-6 and 8. We 
excluded grid cells that contain more than 10% water. 
 
Statistical analysis 
 

To test whether collinearities between land cover and temperature / land cover variety / 
species pool size affect the shape of the richness - natural land cover relationship, we fitted multiple 
regressions.  We then examined the partial derivative of richness as a function of land cover, 
controlling for temperature, habitat heterogeneity (land cover variety), and pool size.  

We selected the “best” multiple regression model in two different ways.  First, the most 
parsimonious model is the model with the subset of the four predictor variables that yielded the 
lowest AICc (AICc<4). Second, we calculated the average of all supported models in a multi-model 
inference framework (hereafter MMI) using the summed Akaike weights of each predictor variable 
(Burnham & Anderson, 2004).  The partial coefficients from these two methods can be directly 
compared because the original predictors were standardized to a mean of 0 and a standard deviation 
of 1.  

Spatial autocorrelation can affect model coefficients in spatial analyses (Diniz-Filho, Bini, & 
Hawkins, 2003). Hence, we also examined richness models that control for spatial autocorrelation by 
fitting simultaneous autoregressive error models (SARerr), as proposed by (Kissling & Carl, 2007) in R 
(function “errorsarlm”).  Spatial data, including satellite images and climate raster files were treated 
in ArcGIS, and all statistics were carried out in R (R Development Core Team, 2008). 

 
  



Tables SI (1-4) 
 
Table SI-1. Results of the MOStest (Mitchell-Olds & Shaw, 1987) applied for survey-land cover 
relationships in both study areas (ON and NY State) and across different grain sizes. The test’s null 
hypothesis is that richness humps of a quadratic function of the proportion of natural land cover at its 
min or max.  
 

Frain size / Study 
area 

Min  Max F-stats p-values 

5x5km     
NY State Hump min at 0.63 685 P<0.0001 

 Hump max at 100.00 918 P<0.0001 
10x10km     

NY State Hump min at 4.67 236 P<0.0001 
 Hump max at 100.00 276 P<0.0001 

Ontario Hump min at 0.18 390 P<0.0001 
 Hump max at 99.00 440 P<0.0001 

30x30km     
NY State Hump min at 0.90 59 P<0.0001 

 Hump max at 99.00 30 P<0.0001 
Ontario Hump min at 9.70 24.40 P<0.0001 

 Hump max at 97.20 49.50 P<0.0001 
 
 
Table SI-2. Most parsimonious models from Table 1 (main text) fitted without land cover variety. 
Standardized coefficients from the most parsimonious model (lowest AIC) fitted for survey richness 
found within landscapes of 3 different sizes in southern Ontario and New York State. Predictors 
included annual mean temperature (MAT), the proportion of natural land cover (LC), the size of the 
species pool (Pool), and the quadratic predictor terms, totalizing 64 model candidates for each 
landscape size and location. AICc is the Akaike’s information criterion corrected for sample sizes (AICc; 
(Burnham & Anderson, 2004). R2 is the model goodness of fit. Non-statistically significant terms 
(p>0.05) showed in brackets. Models fitted with the entire dataset. 
 
 

  MAT MAT2 LC LC2 Pool Pool2  

5x5km NY (n=4,822) 2.16 -2.13 1.29 -1.31 0.87 -0.71 0.26 

10x10km 
NY (n=1,075) 2.62 -2.61 1.55 -1.54 NA 0.17 0.31 
ON (n=985) 2.00 -1.74 3.14 -2.79 -1.51 1.79 0.44 

30x30km 
NY (n=165) NA NA 1.83 -1.72 2.43 -2.66 0.32 
ON (n=138) 3.27 -2.70 1.32 -1.15 5.52 5.58 0.57 

 
 
 

 



Table SI-3. [equivalent to Table 1 - main text, controlled for spatial autocorrelation]. Standardized 
coefficients from the most parsimonious model (lowest AIC) fitted for survey richness found within 
landscapes of 3 different sizes in southern Ontario and New York State. Predictors included annual 
mean temperature (MAT), the proportion of natural land cover (pNLC), number of land cover types 
(LC), and the number of species in the species pool (Pool), and the quadratic predictor terms. R2 is the 
model coefficient of determination. All individual terms for which a coefficient is shown area 
statistically significant (p>0.05). Terms between brackets were included in the best model, but were 
not individually statistically significant. NAs means that the term was not included in the best model. 
 

Grain size Location Standardized coefficients Adj.R2 
  MAT MAT2 pNLC pNLC2 Pool Pool2 LC LC2  

5x5km NY (n=4,822) 2.19 -1.50 0.83 -0.06 1.60 -0.03 1.12 NA 0.27 

10x10km 
NY (n=1,075) 21.20 -15.40 0.85 -0.01 NA -0.01 10.70 -0.10 0.34 
ON (n=985) 16.80 -1.05 1.23 -0.01 NA 0.01 6.43 -0.25 0.49 

30x30km 
NY (n=165) NA NA 1.54 -0.01 [2.67] -0.01 NA NA 0.37 

ON (n=138) 56.20 -4.36 1.20 -0.01 -11.00 0.02 NA NA 0.64 

 
 
 
Table SI- 4 [equivalent to Table 2 – main text, controlled for spatial autocorrelation] Standardized 
coefficients from the most parsimonious model (lowest AIC) fitted for survey richness found within 
landscapes of 3 different sizes in southern Ontario and New York State. Predictors included annual 
mean temperature (MAT), the proportion of natural land cover (pNLC), number of land cover types 
(LC), and the number of species in the species pool (Pool), and the quadratic predictor terms. R2 is the 
model coefficient of determination. All individual terms for which a coefficient is shown area 
statistically significant (p>0.05). Terms between brackets were included in the best model, but were 
not individually statistically significant. NAs means that the term was not included in the best model. 
 
 

Grain Size Location 
Model coefficients   Nagelkerke pseudo-R2 
MAT MAT2 pNLC pNLC2 LC LC2  

5x5km NY (n=4,822) -6.70 0.71 -0.15 0.01 6.23 -0.65 0.66 

10x10km 
NY (n=1,075) 4.25 NA -0.05 NA NA -0.10 0.54 
ON (n=985) 11.00 -0.40 -0.42 0.03 4.85 -0.23 0.81 

30x30km 
NY (n=165) -15.24 1.51 NA NA NA 0.04 0.86 
ON (n=138) 10.01 [-0.35] -0.50 0.01 15.07 [-1.10] 0.83 

 
 
  



Figure SI (1-7) 
 

 
Figure SI-1. Survey richness as a function of range-map richness at different spatial grain sizes. a) 
n=4,822 in NY (5x5km), b) 985 and 1,075 for ON and NY, respectively, at 10x10km scale, and 251 
covering ON and NY (30x30 km). 



 
 

 
Figure SI-2. Multiple regressions coefficients for the effects of annual mean temperature (MAT), 
proportion of natural land cover (LC), land cover variety (lc_variety) and species pool, as well as 
predictor squared terms on survey richness, in 3 different grain sizes and two regions southern 
Ontario (left panel) and New York State (right panel). Points are the standardized, averaged 
coefficients (weighted by the model’s Akaike weight) from all models in a 95% confidence set and 
error bars are the associated unconditional confidence limits.  
  



 
Fig. SI-3. Linear regressions between the proportion of natural land cover and temperature at 
different spatial grain sizes. 
  



 
 
Fig. SI-4. Survey species richness generated from atlases the proportion of natural land cover in grid 
cells covering southern Ontario and New York State at different spatial grain sizes. R2 represents the 
goodness of fit of OLS regression models. Models were fit with a subset of the data range - 𝟓℃ ≤
𝑴𝑨𝑻 ≤ 𝟏𝟎℃, where collinearity between land cover and temperature is lowest (see Fig. S1-2). 
Richness peaks at 63% in NY- 5x5km (n=4,094), 66% in NY - 10x10km (n=932), 60% in NY - 30x30km 
(n=139), 61% in ON - 10x10km (654), and 58% in ON - 30x30km of natural land cover (81). 
  



 

 
Fig. SI-5. Survey richness-natural land cover relationships for the warmest and coldest places in 
southern Ontario and New York State. a) Coldest places in New York State (5x5km – n=1,097, 
10x10km – n=244, 30x30km – n=28 cells); b) Warmest places in New York (5x5km – n=240, 10x10km – 
n=40, 30x30km – n=15 cells); c) Coldest places in Ontario (10x10km – n=243, 30x30km – n=46 cells); 
d) Warmest places in Ontario (10x10km – n=291, 30x30km – n=26 cells). 
 
  



 
Fig. SI-6. The relationship between survey richness and land cover variety within landscapes of 
different grain sizes, in both study areas (ON and NY State). 



 
 
Fig. SI-7. Pearson’s correlations between independent variables used in multiple regressive models. 
NP – the proportion of natural land cover; lc_variety - the variety of land cover types; MAT – the 
annual meant temperature; Pool – the size of species pool. Variables extracted for both Ontario and 
New York State and across different grain sizes (5x5km, 10x10km and 30x30km). 
 



 
Table SI.1 – Standardized coefficients from the most parsimonious model (lowest AIC) fitted for 
survey richness found within landscapes of 3 different sizes in southern Ontario and New York State. 
Predictors included annual mean temperature (MAT), the proportion of natural land cover (LC), the 
size of the species pool (Pool), and the quadratic predictor terms, R2 is the model goodness of fit. 
Terms in parentheses are not statistically significant (p>0.05). Models fitted with data subsets in 
which temperature ranges from between 5-10ºC.  
 

Grain Size Location 
Standardized coefficients    Nagelkerke 

pseudo-R2 
MAT MAT2 LC LC2 Pool Pool2 AICc  

5x5km NY (n=4,094) 1.85 -1.83 1.28 -1.26 4.05 -3.90 33039 0.12 

10x10km 
NY (n=932) 3.51 -3.53 1.56 -1.50 NA 0.15 6920 0.17 
ON (n=654) 2.34 -2.35 2.40 -1.96 0.45 -0.30 5080 0.43 

30x30km 
NY (n=139) NA NA 1.60 -1.54 2.16 -2.20 1131 0.12 
ON (n=81) 2.50 -2.73 1.95 -1.50 1.20 -0.65 657 0.33 

 
 

 
  



 

Table SI-2. Coefficients of the most the most parsimonious model (lowest AIC) fitted for range-map 
richness (species pool) found within landscapes of 3 different sizes in southern Ontario and New York 
State. Predictors included annual mean temperature (MAT), the pNLC, and the quadratic predictor 
terms. Models were corrected for spatial autocorrelation.  
 

Grain Size Location 
Model coefficients Nagelkerke pseudo-R2 
MAT MAT2 pNLC pNLC2  

5x5km NY (n=4,822) -6.10 0.73 -0.15 0.07 0.69 

10x10km 
NY (n=1,075) -6.75 -0.78 -0.14 0.07 0.63 
ON (n=985) 13.40 -0.65 -0.35 0.02 0.80 

30x30km 
NY (n=165) -15.50 1.50 NA NA 0.86 
ON (n=138) 10.10 -0.35 -0.40 0.01 0.82 

 
 
 
 
 
 
 
 
Table SI.2 Most parsimonious models from Table 1 (main text) fitted with simultaneous 
autoregressive error models to control for spatial autocorrelation. Standardized coefficients from the 
most parsimonious model (lowest AIC) fitted for survey richness found within landscapes of 3 
different sizes in southern Ontario and New York State. Predictors included mean annual temperature 
(MAT), the proportion of natural land cover (LC), the size of the species pool (Pool), and the quadratic 
predictor terms, totalizing 64 model candidates for each landscape size and location. AICc is the 
Akaike’s information criterion corrected for sample sizes (AICc; (Burnham & Anderson, 2004). R2 is the 
model coefficient of determination. All terms are statistically significant (p>0.05). Models fitted with 
the entire dataset. 
 

Grain Size Location 
Regression coefficients    Nagelkerke 

pseudo-R2 
MAT MAT2 LC LC2 Pool Pool2 AICc  

5x5km NY (n=4,822) 2.21 -1.51 0.90 -0.06 1.42 -0.01 39364 0.27 

10x10km 
NY (n=1,075) 22.80 -1.61 0.93 -0.05 NA -0.01 8186 0.33 
ON (n=985) 21.32 -1.60 1.60 -0.01 -1.83 -0.05 7785 0.45 

30x30km 
NY (n=165) NA NA 1.24 -0.01 2.67 -0.06 1337 0.41 
ON (n=138) 56.23 -4.35 1.20 -0.01 -10.10 2.60 1177 0.44 
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