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Appendix 1. Specific predictions of biodiversity sampling in space and time, which we tested 

after assigning every citizen science observation a measure of marginal value. 

Table S1. The predictions of biodiversity sampling in space and time, and a brief description 

of each. 

Prediction Description 

Site sampling 

If a site has been previously sampled or not. 

We predicted that unsampled sites would be 

marginally more valuable than previously 

sampled sites. 

Median sampling interval 

The median of the distribution of waiting 

times between samples at a site. We 

predicted that the median sampling interval 

would be positively associated with the 

value of a citizen science observation; i.e., 

observations from sites with high median 

waiting times would be more valuable than 

observations from sites with low median 

waiting times. 

Days since last sample 

The number of days between samples at a 

site. We predicted that the number of days 

since the last sample would be positively 

associated with the value of a citizen 

science observation. 

Distance to the nearest sampled site 

The distance between the site in question 

and the nearest sampled site. We predicted 

that the distance to the nearest sampled site 

would be positively associated with the 

value of a citizen science observation. 

Nearest neighbor sampling interval 

The median sampling interval of the nearest 

neighbor. We predicted that the nearest-

neighbor sampling interval would positively 

influence the value of an observation, 

whereby well-sampled areas (i.e., multiple 

sites near each other with low median 

sampling intervals) would have lower value. 

Number of unique days sampled 

The total number of unique days sampled 

for a given site. We predicted that the total 

number of unique days would be positively 

associated with the value of an observation, 

whereby sites with many observations 

would have additional value given the long-

term data originating from them. 

 

 

 



Appendix 2. A sensitivity analysis of trend estimates for the top 50 species included in our 

analysis. 

We performed a sensitivity/power analysis to investigate the robustness of our population 

trend models and to identify any critical thresholds which exist to provide inferences of 

population trends. We randomly subsampled the potential pool of eBird checklists 

(N=25,995) from 10% to 100% of the checklists, in 5% increments. We performed 100 runs 

of the same GLM as presented in the main manuscript, at each of these 19 levels, for each of 

the top 50 species; fitting a total of 95,000 models. We removed any models that did not 

converge and whose slope estimates were 2 SD > the mean and 2 SD < mean. We then 

plotted the percent of sampled eBird checklists against the slope estimate for the continuous 

day model parameter (i.e., the trend slope estimate), to investigate whether or not these slope 

estimates converged. 

 

Figures S1a – S1e demonstrate that the slope estimates do converge, but at largely different 

sample sizes (cf. Sulphur-crested Cockatoo versus Welcome Swallow). They also show 

varying ranges in slope estimates among species. Fig S2 shows the degree to which the range 

of slope estimates varies among species, by plotting the max range (i.e., the maximum 

difference in any two slope estimates for a given species) for each species. Pied Currawong 

had the lowest range in slope estimates and Galah had the largest range in slope estimates. 

 

We further investigated this by making the y-axis ‘unitless’. To do this, we first calculated 

the ‘best estimate’ – e.g., the average slope estimate when using the maximum amount of 

data for each species, and then calculated the relaitve value of the difference from that 

estimate as a function of sample size (i.e., percent of the possible checklists). 

 

Figures S3a – S3e clearly show that the relative difference from the best estimate again varies 

among species, with some species not needing a large additional pool of eBird checklists to 

approach the best estimate (e.g., Pied Currawong) and other species needing more eBird 

checklists (e.g., Australian Raven). Visual inspection shows different critical thresholds for 

different species (cf., Welcome Swallow and Rainbow Lorikeet). To quantify this, we 

calculated when the maximum absolute difference was reduced by at least 50% – a rough 

measure of convergence of the absolute difference – for each species, and calculated at what 

sampling level (i.e., number of eBird checklists) this occurred. 

 

We found that the median number of checklists necessary for the convergence of slope 

estimates (Fig. S4) to 50% reduction in the absolute difference between the best estimate was 

~11,700, with a min of ~ 6,500 and a max of ~ 20,800. We note however, that these analyses 

are preliminary, and future work should investigate these questions further. 

 



 

Fig S1a. The first ten species for which we plotted the trend estimate as a function of the 

percentage of total possible eBird checklists. The blue lines represent a quantile regression 

with 5 and 95% confidence limits. Note that the y-axis is different among species. 

 



 

Fig S1b. The 11th – 20th species for which we plotted the trend estimate as a function of the 

percentage of total possible eBird checklists. The blue lines represent a quantile regression 

with 5 and 95% confidence limits. Note that the y-axis is different among species. 

 



 

Fig S1c. The 21st – 30th  species for which we plotted the trend estimate as a function of the 

percentage of total possible eBird checklists. The blue lines represent a quantile regression 

with 5 and 95% confidence limits. Note that the y-axis is different among species. 

 



 

Fig S1d. The 31st – 40th species for which we plotted the trend estimate as a function of the 

percentage of total possible eBird checklists. The blue lines represent a quantile regression 

with 5 and 95% confidence limits. Note that the y-axis is different among species. 

 



 

Fig S1e. The 41st – 50th species for which we plotted the trend estimate as a function of the 

percentage of total possible eBird checklists. The blue lines represent a quantile regression 

with 5 and 95% confidence limits. Note that the y-axis is different among species. 

 



 

Fig. S2. The max range (i.e., the maximum difference in any two slope estimates for a given 

species) for each species. Pied Currawong had the lowest range and Galah had the largest 

range. 

 



 

Fig. S3a. The relative difference from the best slope estimate for each species (i.e., the mean 

slope estimate calculated when using all available data), shown as a function of the 

percentage of total possible checklists. The blue lines represent a quantile regression with 5 

and 95% confidence limits. Note that the y-axis is the same among species. 

 



 

Fig. S3b. The relative difference from the best slope estimate for each species (i.e., the mean 

slope estimate calculated when using all available data), shown as a function of the 

percentage of total possible checklists. The blue lines represent a quantile regression with 5 

and 95% confidence limits. Note that the y-axis is the same among species. 

 



 

Fig. S3c. The relative difference from the best slope estimate for each species (i.e., the mean 

slope estimate calculated when using all available data), shown as a function of the 

percentage of total possible checklists. The blue lines represent a quantile regression with 5 

and 95% confidence limits. Note that the y-axis is the same among species. 

 



 

Fig. S3d. The relative difference from the best slope estimate for each species (i.e., the mean 

slope estimate calculated when using all available data), shown as a function of the 

percentage of total possible checklists. The blue lines represent a quantile regression with 5 

and 95% confidence limits. Note that the y-axis is the same among species. 

 



 

Fig. S3e. The relative difference from the best slope estimate for each species (i.e., the mean 

slope estimate calculated when using all available data), shown as a function of the 

percentage of total possible checklists. The blue lines represent a quantile regression with 5 

and 95% confidence limits. Note that the y-axis is the same among species. 

 



 

Fig S4. The number of checklists necessary for a 50% reduction in the absolute difference 

from the best estimate (Figs. S3a – S3e), showing that there is variation among species, but 

the median was ~11,700, with a min of ~ 6,500 and a max of ~ 20,800. 

 

 



Appendix 3. Correlation plots showing the relationships between the predictor variables for 

each of the grain sizes. 

 

 

Fig. S5. Correlation plot showing the relationships between each of the initial potential 

predictor variables, standardized, for the 5 km grid cell size. Duration was highly correlated 

with median sampling interval for the majority of grid cell sizes, and as such, was excluded 

from consideration. s.neighbor_waiting_time is the nearest neighbor sampling interval; 

s.dist_km_nn is the distance to the nearest sampled grid; s.days_since is the number of days 

since the last sample; s.Number_of_days_samples is the number of unique days sampled; 

s.duration is the total duration between the original sample and the latest sample; 

s.median_waiting_time is the median sampling interval. 

 



 

Fig. S6. Correlation plot showing the relationships between each of the initial potential 

predictor variables, standardized, for the 10 km grid cell size. Duration was highly correlated 

with median sampling interval for the majority of grid cell sizes, and as such, was excluded 

from consideration. s.neighbor_waiting_time is the nearest neighbor sampling interval; 

s.dist_km_nn is the distance to the nearest sampled grid; s.days_since is the number of days 

since the last sample; s.Number_of_days_samples is the number of unique days sampled; 

s.duration is the total duration between the original sample and the latest sample; 

s.median_waiting_time is the median sampling interval. 

 



 

Fig. S7. Correlation plot showing the relationships between each of the initial potential 

predictor variables, standardized, for the 25 km grid cell size. Duration was highly correlated 

with median sampling interval for the majority of grid cell sizes, and as such, was excluded 

from consideration. s.neighbor_waiting_time is the nearest neighbor sampling interval; 

s.dist_km_nn is the distance to the nearest sampled grid; s.days_since is the number of days 

since the last sample; s.Number_of_days_samples is the number of unique days sampled; 

s.duration is the total duration between the original sample and the latest sample; 

s.median_waiting_time is the median sampling interval. 

 



 

Fig. S8. Correlation plot showing the relationships between each of the initial potential 

predictor variables, standardized, for the 50 km grid cell size. Duration was highly correlated 

with median sampling interval for the majority of grid cell sizes, and as such, was excluded 

from consideration. s.neighbor_waiting_time is the nearest neighbor sampling interval; 

s.dist_km_nn is the distance to the nearest sampled grid; s.days_since is the number of days 

since the last sample; s.Number_of_days_samples is the number of unique days sampled; 

s.duration is the total duration between the original sample and the latest sample; 

s.median_waiting_time is the median sampling interval. 

 

 

 



Appendix 4. Summary statistics for the daily-sampled parameters (i.e., predictors) for each 
of the four grain sizes (5, 10, 25, 50 km2, respectively). Each parameter was calculated for 
each day in 2018: N=365 times, whereby only the preceding days in the year factored into the 
calculation and not the following days. Summaries were produces using the ‘dfSummary’ 
function from the summarytools package in R (https://cran.r-
project.org/web/packages/summarytools/vignettes/Introduction.html). 

https://cran.r-project.org/web/packages/summarytools/vignettes/Introduction.html
https://cran.r-project.org/web/packages/summarytools/vignettes/Introduction.html


��������� �	
	��	�������	�

������������������������
�����
������ �
���!�� ��! ���"����#����$����#�%&'
�� ���

()*)�+,)-.�/0--),12,3456789:;<8=;<>�??@ABC�D�A�7EFG8HIJ:<>�KACLA�MN OPQRPSTU VWPWX�Y�OPTZUX [QU\X�]̂ �N_�OPTR̀a bQPcd eRXXRfgC hijkljk�mjnophpiq rpsn�tukv�>�?Bwxy�tCzBxyv�{jn�|�{pk�|�{sD>�C�|�?B?�|�yBC�}~��t��v�>�?B?�t@xzv yBC�kjuojn�o��s��pu @�t@�v? us{��pkl�iln�o�m��sis�opiq Cx�n��?x��pu K?AKLtLAxy�vCLK@@Ktz?xy�v @�t@�vL {pkjsnlus{��jnhljnopi�s��mn�{pij�q rpsn�tukv�>�CwBxC�t?BwxAv�{jn�|�{pk�|�{sD>�C�|�LC�|�?wy@�}~��t��v�>�C?w�t?v LBz�kjuojn�o��s��pu BAC?y�twLxBB�vw n�{�pil��l�nj��plks�ulus{��pk�mjnophpiq rpsn�tukv�>�C@@�tCKwxKv�{jn�|�{pk�|�{sD>�C�|�?y�|�C???�}~��t��v�>�By�tCxKv C???�kjuojn�o��s��pu K?AKL�tLAxwB�vy ks�ulujn�pl�suolus{��p�mn�{pij�q rpsn�tukv�>�?CzxA�tw@zxCv�{jn�|�{pk�|�{sD>�C�|�LB�|�?BLy�}~��t��v�>�??K�tCxBv ?KyK�kjuojn�o��s��pu K?AKL�tLAxwB�vz kjuosn�plo�lnpsipuolus{��pklhijkl�{�mn�{pij�q rpsn�tukv�>�zxw�tLxLv�{jn�|�{pk�|�{sD>�CxB�|�y�|�CBxA�}~��t��v�>�?xC�t@xyv zAw�kjuojn�o��s��pu @�t@�vA npsipuolnpjh���ilus{��jnhljnopi�s��mn�{pij�q rpsn�tukv�>�CAwxz�tL@?v�{jn�|�{pk�|�{sD>�C�|�wLxy�|�?wy@�}~��t��v�>�CA@�tCxAv LzA�kjuojn�o��s��pu w@KCB�tCKxwB�v�pnpisopk����u�{{si�o���u�@xBxw�t���piuj�n�Lxyx@v?@CB�@K�?z



��������� �	
	��	�������	�

������������������������
�����
������ �
���!�� ��! ���"����#����������#�$%&
�� ���

'()(�*+(,-�./,,(+01+23456789:;<8=;<>�?@?AB�C�@�7DEF8GHI:<>�JBKAL�MN OPQRPSTU VWPWX�Y�OPTZUX [QU\X�]̂ �N_�OPTR̀a bQPcd eRXXRfgB hijkljk�mjnophpiq rpsn�tukv�>�ABw?�tx?wKv�yjn�z�ypk�z�ysC>�B�z�@L�z�B??�{|}�t~�v�>�@A�t�w?v B??�kjuojn�o��s��pu ��t��vJ usy��pkl�iln�o�m��sis�opiq Bw�n��Jw��pu BxxKAtJBwK�v�KJxKt@Aw@�v ��t��vK ypkjsnlusy��jnhljnopi�s��mn�ypij�q rpsn�tukv�>�L?wJ�tJ�AwLv�yjn�z�ypk�z�ysC>�B�z�BB�z�Bx�B�{|}�t~�v�>��@�tJwJv JB��kjuojn�o��s��pu B@@x?�tJ?wJJ�vx n�y�pil��l�nj��plks�ulusy��pk�mjnophpiq rpsn�tukv�>�K�Kw@�txxBwBv�yjn�z�ypk�z�ysC>�B�z�@L�z�BALx�{|}�t~�v�>�xJx�tBw�v BAA��kjuojn�o��s��pu BxxKA�tJBwKK�v� ks�ulujn�pl�suolusy��p�mn�ypij�q rpsn�tukv�>�BJx�tJ�?w@v�yjn�z�ypk�z�ysC>�B�z�B��z�B?x��{|}�t~�v�>�A?�tJwBv B?K��kjuojn�o��s��pu BxxKA�tJBwKK�v? kjuosn�plo�lnpsipuolusy��pklhijkl�y�mn�ypij�q rpsn�tukv�>�LwA�tJwJv�yjn�z�ypk�z�ysC>���z�B��z�JKwB�{|}�t~�v�>��w@�t�wJv B@L�kjuojn�o��s��pu ��t��v@ npsipuolnpjh���ilusy��jnhljnopi�s��mn�ypij�q rpsn�tukv�>�B�JwA�tJ�Lw@v�yjn�z�ypk�z�ysC>�B�z�Bx�z�Bx�B�{|}�t~�v�>��x�tJv B@@�kjuojn�o��s��pu @��A�tB�wxK�v�pnpisopk����u�yysi�o���u��wLwx�t}��piuj�n�Kw�w�vJ�BL��A�J?



��������� �	
	��	�������	�

������������������������
�����
������ �
���!�� ��! ���"����#�����$����#�%&'
�� ���

()*)�+,)-.�/0--),12,3456789:;<=9><=?�@ABB@�C�D�8EFG9HIJ;=?�AA@DK�LM NOPQORST UVOVW�X�NOSYTW ZPT[W�\]�M̂�NOSQ_̀ aPObc dQWWQefA ghijkij�limnogohp qorm�stju�?�Avwx�sDwyu�zim�{�zoj�{�zrC?�A�{�Av�{�K@�|}~�s��u�?�B�s�wyu K@�jitnim�n��r��ot ��s��u@ trz��ojk�hkm�n�l��rhr�nohp Aw�m��@w��ot B�Bsvwv�u@A�@KsByw��u ��s��uK zojirmktrz��imgkimnoh�r��lm�zohi�p qorm�stju�?�KAwA�sAAKwDu�zim�{�zoj�{�zrC?�A�{�A�{�x@A�|}~�s��u�?�y�sKwDu ���jitnim�n��r��ot A�Ax�svw�K�uv m�z�ohk��k�mi��okjr�tktrz��oj�limnogohp qorm�stju�?�A@AvwB�sA��AwDu�zim�{�zoj�{�zrC?�A�{�AA�K�{�@Bv��|}~�s��u�?�@�DAwy�s�wxu @�BB�jitnim�n��r��ot B�B�svwvA�uy jr�tktim�ok�rtnktrz��o�lm�zohi�p qorm�stju�?�@�wB�sxKw�u�zim�{�zoj�{�zrC?�A�{�A�{��BK�|}~�s��u�?�v�sKwAu ��A�jitnim�n��r��ot B�B�svwvA�u� jitnrm�okn�kmorhotnktrz��ojkghijk�z�lm�zohi�p qorm�stju�?�@@�s@wDu�zim�{�zoj�{�zrC?�Avwx�{�@@�{�@y�|}~�s��u�?�vwK�s�wAu K@�jitnim�n��r��ot ��s��uD morhotnkmoig���hktrz��imgkimnoh�r��lm�zohi�p qorm�stju�?�@vwA�sA�vwBu�zim�{�zoj�{�zrC?�A�{�@�{�x@A�|}~�s��u�?�y�svwvu KB�jitnim�n��r��ot �y�s�wK�u�omohrnoj����t�zzrh�n���t��wBwv�s~��ohti�m�Kwyw�u@�AB��x�@�



��������� �	
	��	�������	�

������������������������
�����
������ �
���!�� ��! ���"����#����$�����#�%&'
�� ���
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Appendix 5. Distribution of sampling within 5 km grids throughout 15 regional cities in 

Australia. 

In order to investigate the generalizability of our results to other regions in Australia, we 

investigated the distribution of samples per grid for 5 km grids among 15 regional cities 

throughout Australia. We extracted coordinates for each city from: 

https://latitudelongitude.org. We then extracted all eBird checklists which met our criteria in 

the main manuscript within a 50 km buffer of each of these regional city’s coordinates. This 

approach slightly differed to our analysis presented in the main text because we had a 

shapefile of the Greater Sydney Region, but we did not have access to such shapefiles for 

other cities. We then gridded each region into 5 km grids, as in the main manuscript, and 

calculated the number of eBird checklists per each grid. Because the distributions below (Fig. 

S9) are very similar – many unsampled or poorly-sampled grids in most cities with a similar 

distribution aside from these (e.g., few well-sampled grids) – we believe that each region 

would be at the same ‘starting point’. In other words, the current sampling regimes among 

regions are all very similar – especially in regions where the cities receive similar sampling 

intensities (e.g., Brisbane, Melbourne, Sydney). But some remote regions receive relatively 

few eBird checklists (e.g., Longreach). 

https://latitudelongitude.org/


 

Fig. S9. The distribution of number of checklists within a grid for each of 15 regional cities 

in Australia, showing a similar distribution among regions (e.g., many unsampled or poorly 

sampled grids and then variation among the better-sampled grids). 


	esm_title page
	Callaghan_Appendix1-Appendix5_ESM
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4
	Appendix 4_title
	Appendix 4a
	Appendix 4b
	Appendix 4c
	Appendix 4d

	Appendix 5


