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Abstract 7 

A recent study published in Science reported that greater photovoltaic policy stringency (PSI) 8 
was associated with lower Shannon diversity, lower Simpson diversity, lower species 9 
richness, and slightly higher species evenness in China. We exactly reproduced their 10 
published model and then evaluated seven alternative survey-effort specifications across 11 
Richness, Shannon diversity, Simpson diversity, and Evenness. Existing reanalyses added 12 
total birdwatching duration and observer number but retained the original Duration variable, 13 
which is derived from these quantities. We found that once total observation time and 14 
observer participation were represented explicitly, PSI became statistically indistinguishable 15 
from zero for all four biodiversity measures. Retaining Duration contributed little additional 16 
information and produced coefficient patterns that were difficult to interpret ecologically. 17 
Nonlinear representations of total observation time and observer participation substantially 18 
improved model fit, whereas additional nonlinear flexibility in environmental controls and 19 
PSI provided little benefit. The semi-spline specification was consistently selected by the 20 
Bayesian Information Criterion (BIC) across all four biodiversity measures. Under this 21 
preferred specification, the reported PSI associations were no longer statistically detectable. 22 
These findings indicate that the reported biodiversity effect is highly sensitive to survey-23 
effort specification and that nonlinear survey-effort adjustment is strongly supported by the 24 
data. 25 
Keywords: photovoltaic policy; bird diversity; citizen science; survey effort; biodiversity 26 
monitoring; nonlinear modelling; Shannon diversity; model selection 27 

Introduction  28 

Zhang et al. (2026) reported that greater photovoltaic policy stringency (PSI) was associated 29 
with lower Shannon diversity, lower Simpson diversity, lower species richness, and slightly 30 
higher species evenness of birds. Their study has prompted extensive discussion and several 31 
formal reanalyses concerning citizen-science data quality, the explanatory importance of PSI, 32 
and the representation of birdwatching effort (Chen et al., 2026; Han, 2026; Lai and Zhang, 33 
2026; Li and Wang, 2026). 34 

 35 

The original study represented survey effort using 36 
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𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = log(𝐵𝑇/𝐵𝑁 + 1), 37 

where 𝐵𝑇 is total birdwatching time and 𝐵𝑁 is the number of birdwatchers within a county-38 
month. This ratio compresses two distinct dimensions of survey effort into a single quantity. 39 
Consequently, observation processes of very different scale can receive identical effort 40 
adjustments. For example, a county-month with one birdwatcher contributing 10 observation 41 
hours and another with 10 birdwatchers contributing 100 observation hours both have 42 
𝐵𝑇/𝐵𝑁 = 10 and therefore receive the same Duration value, despite representing 43 
substantially different levels of observer participation and total observation effort. 44 

Existing reanalyses addressed this limitation by adding log(𝐵𝑇 + 1), log(𝐵𝑁 + 1), or both to 45 
the original model, causing the reported PSI association to disappear (Chen et al., 2026; Han, 46 
2026; Li and Wang, 2026). However, these analyses retained Duration while simultaneously 47 
including the two variables from which it is derived. Because Duration is a deterministic 48 
function of 𝐵𝑇 and 𝐵𝑁, this specification introduces overlapping representations of the same 49 
survey-effort process and may yield coefficients that are difficult to interpret ecologically. 50 

A further concern is functional form. Relationships between observed biodiversity and survey 51 
effort are unlikely to remain linear, even after logarithmic transformation, because additional 52 
observation hours and observers should exhibit diminishing or otherwise nonlinear returns in 53 
species detection. Although previous reanalyses examined alternative effort variables, none 54 
formally evaluated whether nonlinear representations of survey effort provide a better-55 
supported description of the observation process. 56 

We therefore reanalysed the published data to determine whether Duration adequately 57 
represents survey effort, whether retaining Duration after explicitly representing total 58 
observation time and observer participation is informative, and whether nonlinear survey-59 
effort adjustment is better supported by the data. To assess the robustness of the reported 60 
conclusions, we evaluated seven alternative specifications across four biodiversity 61 
dimensions: Richness, Shannon diversity, Simpson diversity, and Evenness. 62 

 63 

Methods 64 

We used the authors' publicly released replication data and reproduced their baseline 65 
regression, including the published merge sequence, transformations, 1st-to-99th-percentile 66 
winsorisation, county fixed effects, year-month fixed effects, and county-clustered standard 67 
errors. Evenness was calculated as Shannon diversity divided by log richness, following 68 
Zhang et al. (2026). We fitted seven specifications to each response: (1) no survey-effort 69 
variable; (2) the original Duration model; (3) Duration plus linear log(BT + 1) and log(BN + 70 
1), as in previous reanalyses; (4) linear log(BT + 1) and log(BN + 1) without Duration; (5) 71 
natural cubic splines with five degrees of freedom for log(BT + 1) and log(BN + 1), while 72 
PSI and all remaining controls were retained in linear form (preferred semi-spline model); (6) 73 
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splines for the two effort variables and all other continuous controls, with linear PSI; and (7) 74 
splines for PSI, the effort variables, and all continuous controls. Models 3 and 4 evaluated 75 
whether Duration provided additional information once total observation time and observer 76 
participation were represented explicitly. Models 5 to 7 then progressively evaluated whether 77 
allowing nonlinear relationships for the two survey-effort variables, the remaining continuous 78 
controls, and PSI improved model performance. Analyses were conducted in R using the 79 
packages fixest and splines. 80 
 81 
Results 82 

We exactly reproduced the fully adjusted specification reported by Zhang et al. (2026), 83 
obtaining a PSI estimate of −0.012528 (SE = 0.003655), compared with the published 84 
estimate of −0.0125 (SE = 0.0037). We also reproduced the reported negative associations 85 
between PSI and species richness and Simpson diversity, together with the reported positive 86 
association between PSI and species evenness (Fig. 1; Tables 1–4).  87 

The original Duration specification reproduced the conclusions reported by Zhang et al. 88 
(2026). Under this specification, PSI coefficients were negative for Richness, Shannon 89 
diversity, and Simpson diversity, and positive for Evenness. The associations were 90 
statistically significant for Richness and Shannon diversity, marginally significant for 91 
Simpson diversity, and significantly positive for Evenness. Once total observation time and 92 
observer participation were represented explicitly through log(BT + 1) and log(BN + 1), PSI 93 
became statistically indistinguishable from zero for all four biodiversity measures, regardless 94 
of whether Duration was retained, removed, or the two effort variables were represented 95 
using natural cubic splines (Fig. 1). Thus, the reported negative associations with Richness, 96 
Shannon diversity, and Simpson diversity, together with the reported positive association 97 
with Evenness, were not robust to explicit representation of the two survey-effort dimensions. 98 

The largest improvement in model fit occurred when log(BT + 1) and log(BN + 1) were 99 
added to the original Duration model. This specification increased within-𝑅2 substantially 100 
across all four biodiversity measures, from 0.050 to 0.583 for Richness, from 0.040 to 0.180 101 
for Shannon diversity, from 0.019 to 0.062 for Simpson diversity, and from 0.001 to 0.045 102 
for Evenness (Fig. 2). Removing Duration while retaining the two linear effort variables 103 
produced almost identical PSI estimates and within-𝑅2 values, indicating that Duration 104 
contributed little additional information once total observation time and observer 105 
participation were represented explicitly.  106 

The next largest improvement occurred when the two linear effort variables were replaced by 107 
natural cubic splines. Within-𝑅2 increased from 0.582 to 0.595 for Richness, from 0.179 to 108 
0.232 for Shannon diversity, from 0.061 to 0.115 for Simpson diversity, and from 0.044 to 109 
0.051 for Evenness. Applying spline functions to all remaining controls, and subsequently to 110 
PSI, produced only small additional gains. Across all four biodiversity measures, the semi-111 
spline specification, containing nonlinear log(BT + 1) and log(BN + 1) terms but linear PSI 112 
and environmental controls, consistently achieved the lowest BIC values (Table 5). 113 
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Discussion 114 

We reanalysed the data and code released by Zhang, H. et al. (2026) to evaluate whether the 115 
reported biodiversity associations depended on the representation of survey effort. 116 
Specifically, we compared seven alternative survey-effort specifications across Richness, 117 
Shannon diversity, Simpson diversity, and Evenness, including models with separate 118 
measures of total observation time and observer participation, as well as nonlinear 119 
representations of these effort variables. Our results show that the reported PSI associations 120 
disappear once total observation time and observer participation are represented explicitly 121 
and that a semi-spline model of these two effort dimensions is consistently preferred by BIC. 122 

The primary modelling issue in the original study appears to be the representation of survey 123 
effort rather than photovoltaic policy intensity itself. The original study represented survey 124 
effort using a single variable, 125 

𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛 = log(𝐵𝑇/𝐵𝑁 + 1), 127 
 126 
where 𝐵𝑇 is total birdwatching time and 𝐵𝑁 is the number of birdwatchers. This ratio 128 
compresses two distinct dimensions of survey effort into a single quantity. Consequently, 129 
very different observation processes can receive identical effort adjustments. For example, a 130 
county-month with one birdwatcher and 10 total observation hours and another with 10 131 
birdwatchers and 100 total observation hours both have 𝐵𝑇/𝐵𝑁 = 10 and therefore receive 132 
the same Duration value, despite representing substantially different levels of observer 133 
participation and total observation effort. Because the biodiversity responses are calculated 134 
from records pooled across all observations within a county-month, this loss of information 135 
may be consequential. 136 

Existing reanalyses addressed this limitation by adding 𝐵𝑇 and 𝐵𝑁 to the original model. 137 
However, these studies retained Duration while simultaneously including the two variables 138 
from which it is derived. As a result, three overlapping representations of the same survey-139 
effort process were estimated in the same model. Our results indicate that this specification 140 
produces coefficient patterns that are difficult to interpret ecologically. For Richness, 141 
Duration is significantly negative whereas both total observation time and observer number 142 
are significantly positive. For Shannon and Simpson diversity, observer number remains 143 
strongly positive, whereas total observation time becomes negative or statistically 144 
insignificant. For Evenness, coefficient signs differ substantially depending on whether 145 
Duration is included. Such instability is expected when several highly related transformations 146 
of the same underlying process are estimated simultaneously. Importantly, removing Duration 147 
while retaining separate measures of total observation time and observer participation has 148 
almost no effect on either the PSI coefficient or model fit, indicating that Duration contributes 149 
little information once its constituent variables are represented explicitly. 150 

We further show that linear adjustment for survey effort is inadequate. Explicit treatment of 151 
observation effort and detectability is widely recommended when analysing citizen-science 152 
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biodiversity data (Kelling et al., 2019; Johnston et al., 2021; Kozak et al., 2026), and flexible 153 
smooth functions are commonly used when ecological relationships are expected to be 154 
nonlinear and difficult to specify a priori (Wood, 2017).  155 

The largest improvement in model fit occurs when total observation time and observer 156 
participation are introduced explicitly. The next largest improvement occurs when these two 157 
effort variables are represented nonlinearly. For example, within-𝑅2 for Shannon diversity 158 
increases from 0.179 under the linear effort model to 0.232 under the semi-spline 159 
specification. Similar improvements occur for Richness, Simpson diversity, and Evenness. By 160 
contrast, allowing nonlinear representations for all remaining environmental controls, and 161 
subsequently for PSI itself, produces only negligible additional gains. Thus, the principal 162 
functional-form deficiency lies in the representation of survey effort rather than in PSI or the 163 
remaining environmental covariates. 164 

The model comparison results support this interpretation. Once separate measures of total 165 
observation time and observer participation are included, the reported PSI associations 166 
disappear across all four biodiversity measures. Additional flexibility applied specifically to 167 
these two effort variables substantially improves model fit. However, additional nonlinear 168 
flexibility in environmental controls and PSI contributes little further explanatory power. 169 
Consistent with this pattern, the semi-spline specification containing nonlinear effects for 170 
𝐵𝑇and 𝐵𝑁, but linear representations of PSI and the remaining controls, is consistently 171 
selected by BIC across Richness, Shannon diversity, Simpson diversity, and Evenness. 172 

Zhang et al. (2026) interpreted the combination of declining richness and increasing evenness 173 
as evidence of environmental filtering, whereby habitat simplification removes specialised 174 
species while leaving a smaller but more evenly distributed community. Under the BIC-175 
preferred specification, however, neither the decline in richness nor the increase in evenness 176 
remains statistically detectable. The reported negative associations with Shannon and 177 
Simpson diversity are likewise absent. These findings do not imply that photovoltaic 178 
development has no ecological consequences. Rather, they indicate that the statistical 179 
evidence supporting the reported biodiversity response is highly sensitive to survey-effort 180 
specification. 181 

Conclusion 182 

In the Zhang et al. (2026) study, the original Duration ratio assigns the same effort value to 183 
county-months with substantially different total observation time and observer participation. 184 
Adding the two underlying effort dimensions, total observation time and observer number, 185 
removes the reported PSI associations, but retaining all three variables produces coefficients 186 
that are difficult to interpret ecologically. Modelling total observation time and observer 187 
participation separately and nonlinearly substantially improves model fit and is consistently 188 
preferred by BIC. 189 

Under this preferred specification, the reported negative associations with Richness, Shannon 190 
diversity, and Simpson diversity, together with the reported positive association with 191 
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Evenness, are no longer statistically detectable. The available evidence therefore does not 192 
robustly support the conclusion that greater photovoltaic policy intensity reduced bird 193 
diversity. Instead, our results indicate that inference regarding PSI depends critically on how 194 
survey effort is represented and that nonlinear adjustment for total observation time and 195 
observer participation provides a substantially better description of the observation process. 196 

 197 
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 246 

Figure 1. PSI estimates under alternative survey-effort specifications for four biodiversity 247 
measures. Points show PSI coefficient estimates and bars show county-clustered 95% 248 
confidence intervals. Richness, Shannon diversity, and Simpson diversity were negatively 249 
associated with PSI under the original Duration specification, whereas Evenness was 250 
positively associated with PSI. Once total observation time and observer participation were 251 
represented explicitly, the PSI estimates became statistically indistinguishable from zero 252 
across all four biodiversity measures. 253 
 254 

 255 
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 256 

Figure 2. Within-county explanatory power under seven survey-effort specifications for four 257 
biodiversity measures. Within-𝑅2 increased most when total observation time and observer 258 
participation were added to the original Duration model. The next largest improvement 259 
occurred when these two effort variables were represented using natural cubic splines. 260 
Additional nonlinear flexibility in environmental controls and PSI produced only small 261 
further gains. 262 
 263 

  264 
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Table 1. Association between bird diversity (Shannon diversity) and photovoltaic policy 265 
intensity (PSI) under alternative birdwatching-effort specifications. 266 
The dependent variable is Shannon diversity. Columns compare the original Duration 267 
specification, the three-effort specification used in previous reanalyses, separate linear 268 
representations of total observation time and observer participation, and the preferred semi-269 
spline specification. Other control variables follow Zhang et al. (2026). County-clustered 270 
standard errors are reported in parentheses. ***, **, and * denote significance at the 1%, 5%, 271 
and 10% levels, respectively. For the semi-spline model, total observation time and observer 272 
participation were represented using natural cubic splines with five degrees of freedom. 273 
Because individual spline coefficients are not directly interpretable, the table reports the joint 274 
significance of the spline terms rather than the coefficients of individual spline basis 275 
functions. 276 
 277 

Variable Duration 

Duration + logBT + 

logBN 

logBT + 

logBN 

Spline logBT + 

logBN 

PSI 

-

0.0125*** 0.0035 0.0034 0.0005 

 (0.0037) (0.0033) (0.0033) (0.0030) 

Duration 0.1638*** 0.1312***   

 (0.0057) (0.0233)   
logBT  -0.0049 0.1115*** *** 

  (0.0209) (0.0049)  
logBN  0.4985*** 0.3697*** *** 

  (0.0258) (0.0101)  
Controls YES YES YES YES 

Year-month 

FE YES YES YES YES 

County FE YES YES YES YES 

Observations 46,371 46,371 46,371 46,371 

Adj. R2 0.2999 0.4019 0.4014 0.4399 

Within R2 0.0398 0.1798 0.179 0.232 

 278 

  279 
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Table 2. Association between bird diversity (Simpson diversity) and photovoltaic policy 280 
intensity (PSI) under alternative birdwatching-effort specifications. 281 
The dependent variable is Simpson diversity. Columns compare the original Duration 282 
specification, the three-effort specification used in previous reanalyses, separate linear 283 
representations of total observation time and observer participation, and the preferred semi-284 
spline specification. Other control variables follow Zhang et al. (2026). County-clustered 285 
standard errors are reported in parentheses. ***, **, and * denote significance at the 1%, 5%, 286 
and 10% levels, respectively. For the semi-spline model, total observation time and observer 287 
participation were represented using natural cubic splines with five degrees of freedom. 288 
Because individual spline coefficients are not directly interpretable, the table reports the joint 289 
significance of the spline terms rather than the coefficients of individual spline basis 290 
functions. 291 
 292 

Variable Duration 

Duration + logBT + 

logBN 

logBT + 

logBN 

Spline logBT + 

logBN 

PSI -0.0014 0.0008 0.0008 0.0000 

 (0.0008) (0.0008) (0.0008) (0.0008) 

Duration 0.0274*** 0.0466***   

 (0.0013) (0.0057)   
logBT  -0.0223*** 0.0190*** *** 

  (0.0050) (0.0011)  
logBN  0.0911*** 0.0453*** *** 

  (0.0062) (0.0023)  
Controls YES YES YES YES 

Year-month 

FE YES YES YES YES 

County FE YES YES YES YES 

Observations 46,371 46,371 46,371 46,371 

Adj. R2 0.1631 0.2001 0.1987 0.245 

Within R2 0.0187 0.0622 0.0605 0.1149 

 293 

  294 
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Table 3. Association between bird diversity (Richness) and photovoltaic policy intensity 295 
(PSI) under alternative birdwatching-effort specifications. 296 
The dependent variable is Richness. Columns compare the original Duration specification, 297 
the three-effort specification used in previous reanalyses, separate linear representations of 298 
total observation time and observer participation, and the preferred semi-spline specification. 299 
Other control variables follow Zhang et al. (2026). County-clustered standard errors are 300 
reported in parentheses. ***, **, and * denote significance at the 1%, 5%, and 10% levels, 301 
respectively. For the semi-spline model, total observation time and observer participation 302 
were represented using natural cubic splines with five degrees of freedom. Because 303 
individual spline coefficients are not directly interpretable, the table reports the joint 304 
significance of the spline terms rather than the coefficients of individual spline basis 305 
functions. 306 
 307 

Variable Duration 

Duration + logBT + 

logBN 

logBT + 

logBN 

Spline logBT + 

logBN 

PSI 

-

0.9741*** -0.0093 -0.0070 0.0830 

 (0.1828) (0.0770) (0.0772) (0.0727) 

Duration 5.1489*** -2.8763***   

 (0.1960) (0.8697)   
logBT  5.3340*** 2.7845*** *** 

  (0.7986) (0.1347)  
logBN  22.3218*** 25.1447*** *** 

  (0.9524) (0.3878)  
Controls YES YES YES YES 

Year-month 

FE YES YES YES YES 

County FE YES YES YES YES 

Observations 46,371 46,371 46,371 46,371 

Adj. R2 0.4596 0.7628 0.7625 0.7698 

Within R2 0.0495 0.5828 0.5824 0.5952 

 308 

  309 
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Table 4. Association between bird diversity (Evenness) and photovoltaic policy intensity 310 
(PSI) under alternative birdwatching-effort specifications. 311 
The dependent variable is Evenness. Columns compare the original Duration specification, 312 
the three-effort specification used in previous reanalyses, separate linear representations of 313 
total observation time and observer participation, and the preferred semi-spline specification. 314 
Other control variables follow Zhang et al. (2026). County-clustered standard errors are 315 
reported in parentheses. ***, **, and * denote significance at the 1%, 5%, and 10% levels, 316 
respectively. For the semi-spline model, total observation time and observer participation 317 
were represented using natural cubic splines with five degrees of freedom. Because 318 
individual spline coefficients are not directly interpretable, the table reports the joint 319 
significance of the spline terms rather than the coefficients of individual spline basis 320 
functions. 321 
 322 

Variable Duration 

Duration + logBT + 

logBN 

logBT + 

logBN 

Spline logBT + 

logBN 

PSI 0.0018** 0.0001 0.0001 0.0004 

 (0.0007) (0.0006) (0.0006) (0.0006) 

Duration 0.0013 0.0211***   

 (0.0008) (0.0037)   
logBT  -0.0148*** 0.0038*** *** 

  (0.0034) (0.0007)  
logBN  -0.0318*** -0.0524*** *** 

  (0.0040) (0.0017)  
Controls YES YES YES YES 

Year-month 

FE YES YES YES YES 

County FE YES YES YES YES 

Observations 46,371 46,371 46,371 46,371 

Adj. R2 0.1905 0.2266 0.2261 0.2309 

Within R2 0.0005 0.0451 0.0445 0.0506 

 323 

  324 
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Table 5. Bayesian Information Criterion (BIC) values for seven alternative survey-effort 325 
specifications across four biodiversity measures. BIC values are reported for Richness, 326 
Shannon diversity, Simpson diversity, and Evenness under the seven model specifications 327 
described in the Methods. Smaller BIC values indicate stronger support after accounting for 328 
model complexity. The minimum BIC value for each biodiversity measure is shown in bold. 329 
The semi-spline specification, which represents total observation time and observer 330 
participation using natural cubic splines while retaining linear PSI and environmental 331 
controls, consistently achieved the lowest BIC value across all four biodiversity measures. 332 

 333 

No Model Evenness Richness ShannonBD SimpsonBD 

1 No survey effort -21262.05 444964.51 139128.03 7789.18 

2 Duration -21254.81 442899.29 137312.69 6942.96 

3 Duration + logBT + logBN -23239.63 405367.25 130028.31 4864.93 

4 Linear logBT + logBN -23219.79 405403.48 130061.12 4935.82 

5 Spline logBT + logBN -23419.19 404071.48 127053.20 2254.96 

6 All controls spline -23123.53 404248.90 127327.74 2539.54 

7 All controls and PSI spline -23095.60 404285.32 127357.85 2572.75 

 334 

 335 

 336 
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