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Appendix 1: Comparison of observed climatic data between the normal periods of 1971-

2000 and 1981-2010.   

 

 

Figure A1. Comparison of observed mean annual temperature (mean T; left panel) and temperature 
of coldest quarter (TCQ; right panel) between the normal periods of 1971-2000 and 1981-2010 
from eight weather stations close to the study area. Solid line represents linear fit (simple 
regression) between observed temperatures from the two normal periods and dashed line represent 
1:1 relationship. Correlation between the two datasets is reported in top-left corner of each panel 
(p<0.01). Based on the 8 weather stations average increase in annual mean temperature between 
normal periods is 0.3 C and average increase in TCQ is 0.45 C. As no climatic data from the most 
recent normal period (1981-2010) was available from all used 61 stations, the normal period of 
1971-2000 was chosen for the climatic data. However, the temporal difference between species data 
collection (2008-2011) and climatic data should not reduce the reliability of the results, as climatic 
data from the different time periods shows broadly similar geographic patterns (i.e. despite the 
increase in temperatures, the conditions follow mainly the same spatial patterns in both normal 
periods). 

 

 



 

 

 

Appendix 2: Corresponding figures for bryophytes and lichens as represented for 

vascular plant species in the article. 

 

 
Fig. A1. Predicted vs. observed bryophyte species richness in 1080 plots in arctic-alpine 

north-western Finland and Norway, based on three levels of model complexity: climate 

model (3 explanatory variables; left column), abiotic model (6 explanatory variables; middle 

column), and biotic model (9 explanatory variables in total; right column). Top row: 

Bryophyte species richness as predicted by stacked species distribution modelling (SSDM; 

committee averaging method). Bottom row: Bryophyte species richness as predicted by 

macroecological modelling (MEM; values are the mean of predictions from three modelling 

techniques). The details of the best linear fit between observed and predicted species richness 

are provided in each panel, with the fit represented by a solid line. For perfect prediction 

regression slope would be 1, and intercept zero, i.e. the dashed line, which represents the 1:1 

relationship between observed and predicted values. 



 

 
Fig. A2. Predicted vs. observed lichen species richness in 1080 plots in arctic-alpine north-

western Finland and Norway, based on three levels of model complexity: climate model (3 

explanatory variables; left column), abiotic model (6 explanatory variables; middle column), 

and biotic model (9 explanatory variables in total; right column). Top row: Lichen species 

richness as predicted by stacked species distribution modelling (SSDM; committee averaging 

method). Bottom row: Lichen species richness as predicted by macroecological modelling 

(MEM; values are the mean of predictions from three modelling techniques). The details of 

the best linear fit between observed and predicted species richness are provided in each panel, 

with the fit represented by a solid line. For perfect prediction regression slope would be 1, 

and intercept zero, i.e. the dashed line, which represents the 1:1 relationship between 

observed and predicted values. 

 

 

 

 



 
Fig. A3. Bootstrapped linear model parameters (mean ± SD) from regressions of predicted vs. 

observed bryophyte species richness (top row: stacked species distribution modelling = 

SSDM; bottom row: macroecological modelling = MEM), using three different levels of 

model complexity (C = climate model; A = abiotic model; B = biotic model). Left column: 

regression intercept. Middle column: regression slope. Right column: coefficient of 

determination. Regression parameters from the three different models differ significantly (p < 

0,05) in all comparisons. Inclusion of biotic interactions significantly improved the species 

richness models, both in SSDM and MEM, with the intercept and slope of the regression 

converging towards zero and one respectively.  



 
Fig. A4. Bootstrapped linear model parameters (mean ± SD) from regressions of predicted vs. 

observed lichen species richness (top row: stacked species distribution modelling = SSDM; 

bottom row: macroecological modelling = MEM), using three different levels of model 

complexity (C = climate model; A = abiotic model; B = biotic model). Left column: 

regression intercept. Middle column: regression slope. Right column: coefficient of 

determination. Regression parameters from the three different models differ significantly (p < 

0,05) in all comparisons. Inclusion of biotic interactions significantly improved the species 

richness models, both in SSDM and MEM, with the intercept and slope of the regression 

converging towards zero and one respectively. 

 



 
Fig. A5. Incorporation of local abiotic (abiotic model) and biotic variables (biotic model) into 

the climate model generates more fine-scale variability in predictions for bryophyte species, 

for both the stacked species distribution models = SSDM (top row) and macroecological 

modelling = MEM (bottom row). From this visualization it is also evident that the predictions 

of the SSDM and MEM converge (and that the prediction biases are reduced) with the 

sequential addition of the local abiotic and biotic variables. Geographic coordinates are 

shown in the Finnish coordinate system.  

 

 



 
Fig. A6. Incorporation of local abiotic (abiotic model) and biotic variables (biotic model) into 

the climate model generates more fine-scale variability in predictions for lichen species, for 

both the stacked species distribution models = SSDM (top row) and macroecological 

modelling = MEM (bottom row). From this visualization it is also evident that the predictions 

of the SSDM and MEM converge (and that the prediction biases are reduced) with the 

sequential addition of the local abiotic and biotic variables. Geographic coordinates are 

shown in the Finnish coordinate system.  

 

 



 

 

 

Appendix 3: Model improvement by stacked species distribution models (SSDM) and 

macroecological modeling (MEM) 

 

Table A1. Mean observed and predicted richness by different models by SSDM. Predicted 

species richness decrease with sequential inclusion of variable sets. 

 Observed Climate Abiotic Biotic 

Vascular 6.6 20.9 17.1 13.6 

Bryophyte 5.2 17.9 15.1 13.4 

Lichen 6.2 18.2 15.4 14.2 

 

 

  



Table A2. Model improvement based on adjusted R², area under curve (AUC) and true skills 

statistics (TSS) values and their statistical significance for SSDM. (C = Climate model, A = Abiotic 

model, B = Biotic model, Pred. dev. = Predictive deviance). 

Species 
group 

Algo-  C A B (C→A) (A→B) (C→B) 

rithm Metrics Mean (±SE) Mean (±SE) Mean (±SE) p p p 

Vascular GLM Adjusted R² 0.103 (±0.011) 0.125 (±0.011) 0.150 (±0.012) 0.000 0.000 0.000 

  AUC 0.847 (±0.008) 0.860 (±0.008) 0.837 (±0.011) 0.000 0.561 0.028 

  TSS 0.565 (±0.015) 0.583 (±0.015) 0.552 (±0.017) 0.006 0.790 0.072 

 GAM Adjusted R² 0.118 (±0.011) 0.143 (±0.012) 0.162 (±0.012) 0.000 0.000 0.000 

  AUC 0.863 (±0.007) 0.877 (±0.007) 0.878 (±0.007) 0.000 0.069 0.000 

  TSS 0.598 (±0.014) 0.615 (±0.014) 0.598 (±0.014) 0.012 0.827 0.071 

 GBM Pred. dev. 0.622 (±0.015) 0.624 (±0.014) 0.612 (±0.014) 0.526 0.002 0.003 

  AUC 0.880 (±0.008) 0.876 (±0.008) 0.889 (±0.007) 0.834 0.000 0.003 

  TSS 0.532 (±0.016) 0.534 (±0.016) 0.523 (±0.017) 0.601 0.692 0.700 

Bryophyte GLM Adjusted R² 0.081 (±0.010) 0.087 (±0.011) 0.090 (±0.012) 0.007 0.073 0.019 

  AUC 0.807 (±0.012) 0.795 (±0.011) 0.768 (±0.014) 0.057 0.851 0.548 

  TSS 0.499 (±0.021) 0.451 (±0.021) 0.427 (±0.024) 0.804 0.317 0.807 

 GAM Adjusted R² 0.084 (±0.011) 0.098 (±0.011) 0.105 (±0.012) 0.000 0.012 0.000 

  AUC 0.813 (±0.011) 0.825 (±0.010) 0.822 (±0.010) 0.000 0.325 0.008 

  TSS 0.493 (±0.022) 0.507 (±0.020) 0.495 (±0.019) 0.158 0.398 0.183 

 GBM Pred. dev. 0.758 (±0.015) 0.753 (±0.016) 0.748 (±0.016) 0.061 0.011 0.006 

  AUC 0.813 (±0.012) 0.815 (±0.012) 0.815 (±0.013) 0.141 0.202 0.350 

  TSS 0.406 (±0.023) 0.398 (±0.023) 0.394 (±0.025) 0.851 0.673 0.980 

Lichen GLM Adjusted R² 0.090 (±0.011) 0.100 (±0.014) 0.116 (±0.015) 0.007 0.000 0.000 

  AUC 0.775 (±0.011) 0.787 (±0.011) 0.799 (±0.011) 0.000 0.000 0.000 

  TSS 0.444 (±0.021) 0.447 (±0.021) 0.465 (±0.020) 0.108 0.011 0.010 

 GAM Adjusted R² 0.099 (±0.013) 0.104 (±0.013) 0.121 (±0.016) 0.067 0.000 0.000 

  AUC 0.783 (±0.012) 0.798 (±0.010) 0.810 (±0.011) 0.000 0.000 0.000 

  TSS 0.455 (±0.020) 0.456 (±0.020) 0.466 (±0.022) 0.155 0.116 0.031 

 GBM Pred. dev. 0.770 (±0.017) 0.767 (±0.018) 0.754 (±0.019) 0.103 0.001 0.000 

  AUC 0.802 (±0.012) 0.801 (±0.012) 0.811 (±0.012) 0.352 0.001 0.006 

 
 

 TSS 0.425 (±0.022) 0.422 (±0.023) 0.430 (±0.023) 0.625 0.551 0.050 

 

  



Table A3. Model improvement based on Spearman correlation (cross-validated) for MEM approach. 

All correlations were statistically highly significant (p<0,001). (C = Climate model, A = Abiotic 

model, B = Biotic model). 

 Species group Algorithm Metrics C A B 

Vascular GLM Adjusted R² 0.346 0.382 0.552 

  
Cor 0.609 0.633 0.768 

 
GAM Adjusted R² 0.424 0.438 0.585 

  
Cor 0.688 0.708 0.798 

 
GBM Predictive deviance 0.265 0.260 0.239 

  
Cor 0.831 0.840 0.857 

Bryophytes GLM Adjusted R² 0.329 0.350 0.367 

  
Cor 0.539 0.569 0.589 

 
GAM Adjusted R² 0.378 0.405 0.405 

  
Cor 0.591 0.614 0.619 

 
GBM Predictive deviance 0.497 0.501 0.493 

  
Cor 0.664 0.662 0.668 

Lichen GLM Adjusted R² 0.439 0.505 0.577 

  
Cor 0.697 0.727 0.769 

 
GAM Adjusted R² 0.479 0.538 0.612 

  
Cor 0.722 0.749 0.791 

 
GBM Predictive deviance 0.372 0.359 0.338 

  
Cor 0.807 0.818 0.826 

 



 

 

 

Appendix 4: Correlograms for observed species richness and residuals of the models for vascular species, bryophytes and lichens. 

 

   
Fig A1. Spatial autocorrelation, expressed as Moran’s I values for observed species richness of vascular plant species (left), bryophytes (middle) 

and lichens (right). Values are with 50 meter lags for the range of 1000 meters. Red dot indicates statistical significance (0,01 < p < 0,05). 



 
Fig A2. Spatial autocorrelation, expressed as Moran’s I values for model residuals of stacked species distribution models (SSDM; top row) and 

macroecological models (MEM; bottom row) of vascular plant species based on climatic predictors (left column), climatic and abiotic predictors 

(center column) and climatic, abiotic and biotic predictors (right column). Values are with 50 metre lags for the range of 1000 metres. Red dot 

indicates statistical significance (0,01 < p < 0,05). 



 
Fig A3. Spatial autocorrelation, expressed as Moran’s I values for model residuals of stacked species distribution models (SSDM; top row) and 

macroecological models (MEM; bottom row) of bryophytes based on climatic predictors (left column), climatic and abiotic predictors (center 

column) and climatic, abiotic and biotic predictors (right column). Values are with 50 metre lags for the range of 1000 metres. Red dot indicates 

statistical significance (0,01 < p < 0,05). 



 
Fig A4. Spatial autocorrelation, expressed as Moran’s I values for model residuals of stacked species distribution models (SSDM; top row) and 

macroecological models (MEM; bottom row) of lichens based on climatic predictors (left column), climatic and abiotic predictors (center 

column) and climatic, abiotic and biotic predictors (right column). Values are with 50 metre lags for the range of 1000 metres. Red dot indicates 

statistical significance (0,01 < p < 0,05). 


