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The rapid increase in construction of solar photovoltaic power stations (SPPs) 
has motivated ecologists to understand how these stations affect terrestrial 
ecosystems. Comparing study sites, effects are often not consistent, and a more 
systematic assessment of this topic remains lacking. Here, we  evaluated the 
effects of SPP construction on carbon emissions, edaphic variables, microclimatic 
factors and vegetation characteristics in a meta-analysis. We  employed log 
response ratios (as effect sizes) to assess how control plots differed from those 
beneath solar photovoltaic panels. We  found that SPP construction decreased 
the local air temperature and photosynthetically active radiation, while increasing 
air humidity, especially in grasslands. Furthermore, plant aboveground biomass 
and vegetation cover were also enhanced by SPP construction in grassland 
ecosystems. In farmland ecosystems, photovoltaic panel installation increased 
plant aboveground biomass, soil available phosphorus and soil pH, while reducing 
CO2 flux, plant species richness and vegetation cover in woodlands. Thus, while 
SPP construction had profound ecological impacts in terrestrial ecosystems, the 
direction and strength of these effects were largely dependent on ecosystem type. 
Most studies of SPP construction to date have focused on local microclimatic 
and plant diversity effects, but few studies have examined effects on ecosystem 
functions and services. Future assessments are needed of both the benefits and 
disbenefits of SPP construction across different ecosystems, to improve SPP site 
selection and adaptive management.
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1. Introduction

Replacing fossil fuels with clean energy sources to reduce carbon emissions is an important 
step toward achieving carbon neutrality (Armstrong et al., 2014). In recent years, great progress 
has been made in exploiting renewable resources to optimize existing energy infrastructure (Li, 
2021). Photovoltaic (PV) power generation using solar energy is one of the most promising 
technologies for sustainable energy generation (Wilberforce et al., 2019; Bogdanov et al., 2021). 
In 2018, global solar PV capacity accounted for 55% of all new renewable energy capacity 
(Dunnett et al., 2020). The installed capacity of solar PV systems is expected to reach 4,600 GW 
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by 2050 and avert up to 4 Gt of CO2 emissions annually (Wang and 
Cong, 2021). Currently, the world’s PV power capacity accounts for 
about 1% of total power capacity, by 2030, it is expected to provide 
15% of the global electricity supply (Helveston et al., 2022), crucially 
helping achieve global carbon neutrality (Liu et al., 2012).

The construction of SPPs has profound effects on terrestrial 
ecosystems, because ground-mounted PV panels are considered a new 
form of land use change, shading large areas of previously open land 
(Turney and Fthenakis, 2011; Armstrong et al., 2016; Chang et al., 
2016). Previous studies have found that SPP construction can affect 
the local climate and soil environment (Hong and Kim, 2008; De 
Marcoa et al., 2014; Choi et al., 2020) by perturbing the surface energy 
balance (Mercado et al., 2009; Nemet, 2009; Broadbent et al., 2019; Yu 
et al., 2020; Lambert et al., 2021). Photovoltaic panels can affect air 
humidity and soil water content by moderating the photosynthetically 
active radiation (PAR) received (Weinstock and Appelbaum, 2009; Lu, 
2013), as well as by significantly reducing wind speed and turbulence 
(Armstrong et al., 2016; Zhao, 2016; Yin et al., 2017). These effects in 
turn affect plant communities, altering plant biomass, species richness 
and vegetation cover (Liu et al., 2019; Zhai et al., 2020; Lambert et al., 
2022). Local impacts of SPPs on the microclimate and vegetation may 
further influence broader ecosystem processes, such as carbon flux 
balance and soil water retention capacity, leading to changes in 
ecosystem services across spatial scales (Armstrong et al., 2014; Liu 
et al., 2020).

However, the ecological impacts of SPPs reported to date vary 
substantially among studies. In the Mu Us Desert, China (Liu et al., 
2019), PAR was reduced by 67.4% beneath PV panels as compared to 
an unaltered area. However, the installation of PV panels did not affect 
PAR in the desert ecosystems of Inner Mongolia, China (Zhao, 2016) 
or in the farmland ecosystems of Italy (Vervloesem et al., 2022). A 
83.9% increase in vegetation cover and 68.7% increase in plant 
biomass were associated with PV panels in the Gonghe Basin, Qinghai 
Province, China (Li et al., 2016). Similarly, Wang et al. (2016) reported 
a 128% increase in the fresh weight of plant biomass under PV panels. 
In contrast, in a woodland ecosystem in the south of France (Lambert 
et al., 2022), aboveground biomass, soil temperature and vegetation 
cover were significantly reduced beneath PV panels, with soil 
temperature a full 10% lower (Lambert et al., 2021). Similarly, in a 
farmland ecosystem in central Italy (Moscatelli et  al., 2022), soil 
temperature was reduced by PV panels. However, in the Mu Us Desert 
(Liu et al., 2019), soil temperature was 3°C higher under PV panels as 
compared to controls. For soil pH, contrasting results have also been 
reported. Under PV panels, soil pH increased by 14.04% in central 
Italy (Moscatelli et al., 2022) but decreased by 13.93% in Datong, 
China (Liu, 2020).

To understand the overall ecological impacts of SPPs on terrestrial 
ecosystems. We conducted a meta-analysis of SPP effects on carbon 
processes, edaphic factors, microclimatic factors and vegetation 
characteristics. We hypothesized that the mixed effects observed to 
date were caused by variations among study ecosystems; we therefore 
examined how ecosystem type (i.e., desert, farmland, grassland, or 
woodland) affected the SPP ecological impacts. Our study is hoped to 
provide a comprehensive evaluation of SPP impacts on terrestrial 
ecosystems and to improve the rational management and ecological 
restoration of SPP localities.

2. Materials and methods

2.1. Data collection

To test how PV panels affected terrestrial ecosystem ecology, 
we conducted a systematic literature search using the ISI Web of 
Science and CNKI for the terms [photovoltaic AND (ecology 
system OR vegetation OR biodiversity OR soil nutrient OR soil 
moisture OR soil temperature)]. The investigations spanned 
published records from 1st January 2010 to 31st December 2022. 
This search led to an initial set of 1,491 publications. These were 
checked for relevance by examining the title, abstract and main text 
in succession (Supplementary Figure S1).

We collected data from publications that met the following three 
criteria: (1) a focus on the ecological and environmental impact of 
SPPs, including at least one indicator of carbon flux, microclimatic 
factors, the soil environment and/or vegetation characteristics; (2) the 
experimental design included both control and experimental groups, 
and each group contained at least three replicates; (3) the mean and 
standard deviation (or variance, standard error and 95% confidence 
interval) of relevant indexes were provided. After screening, a total of 
16 papers were selected for data extraction and further analysis 
(Supplementary Table S1).

Data were extracted from the main text and tables, or indirectly 
from figures using “GetData.” The indices we  extracted included 
microclimatic factors (air humidity, air temperature and PAR), soil 
characteristics (available phosphorus, CO2 flux, pH, soil temperature, 
soil water content, total carbon and total nitrogen) and vegetation 
characteristics (plant aboveground biomass, Shannon-Wiener 
diversity index, Simpson’s diversity index, species richness and 
vegetation cover). For each indicator, we recorded the mean, standard 
deviation (or variance, standard error and 95% confidence interval) 
and sample size.

2.2. Statistical analysis

We calculated effect sizes based on the mean (Y), standard 
deviation (SD) and sample size (n) of each indicator and derived the 
variance associated with each study. In cases where only a standard 
error (SE) was provided, it was converted to a SD using (1):

 SD SE= × n  (1)

The log response ratio (RR) was used as a measure of the effect 
size to quantify differences between control and experimental groups 
(Hedges et al., 1999) and was calculated as follows:
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where Ye is the mean value of the experimental group, and Yc is 
the mean value of the control group. The corresponding variance (Vi) 
for RR was calculated as follows:
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where Ne is the sample size of the experimental group and Nc the 
control group.

We built a series of random effects models by employing the rma.
mv function from the “metafor” package in R (4.2.1) (Wallace et al., 
2017). “Study case” was nested in “literature” as a random effect. The 
cumulative effect value ( y ), weights of individual studies (wi

*), 
population variance (VM), and the total standard error (SEM) and its 
95% confidence interval were calculated according to the 
following formulas:
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 SEM MV=  (7)

 95 1 96% .CI SE= ±y M×  (8)

If the 95% confidence interval encompassed zero, the indicator in 
question did not differ significantly between the control and 
experimental groups (p > 0.05). Lastly, we used “Origin 2022” to draw 
a “forest map” showing the meta-analysis results.

3. Results

3.1. Effects of solar photovoltaic panel 
construction on microclimate factors

Overall, air temperature (mean ln RR = −0.073, 95% CI = [−0.125, 
−0.021], p = 0.006) and PAR (ln RR = −1.563, [−2.537, −0.590], 
p = 0.002) were significantly lower within PV panel plots than within 
control plots, while air humidity (ln RR = 0.144, [0.013, 0.274], 
p = 0.031) showed the opposite pattern (Figure 1). Due to shading by 
PV panels, the PAR received by farmland (ln RR = −2.830, [−3.664, 
−1.996], p < 0.001) and grassland (ln RR = −2.100, [−2.558, −1.642], 
p < 0.001) ecosystems was lower, respectively, as compared to control 
plots. Meanwhile, air humidity (ln RR = 0.223, [0.088, 0.357], p = 0.001) 
increased and air temperature (ln RR = −0.099, [−0.144, −0.054], 
p < 0.001) decreased by in grassland ecosystems in experimental versus 
control plots (Figure 1).

3.2. Effects of solar photovoltaic panel 
construction on soil conditions

The construction of SPPs had no significant effect on total carbon, 
soil total nitrogen, soil temperature, or soil water content in terrestrial 
ecosystems (Figure  2). In farmland ecosystems, the soil available 
phosphorus (ln RR = 2.363, [0.279, 4.448], p = 0.026) and soil pH (ln 
RR = 0.154, [0.003, 0.304], p = 0.045) were higher within PV panel 
plots versus controls, whereas the soil pH (ln RR = −0.108, [−0.136, 
−0.081], p < 0.001) decreased with PV panel construction in grassland 
ecosystems. SPP construction did not affect the overall CO2 flux, but 
reduced CO2 fluxes (ln RR = −1.053, [−1.404, −0.702], p < 0.001) in 
woodland ecosystems (Figure 2).

3.3. Effects of solar photovoltaic panel 
construction on vegetation characteristics

The use of SPPs enhanced vegetation cover in grassland (ln 
RR = 1.000, [0.290, 1.709], p = 0.006) and desert (ln RR = 1.960, [1.742, 
2.178], p < 0.001) ecosystems while decreasing the vegetation cover in 
woodland ecosystems (ln RR = −0.806, [−1.230, −0.398], p < 0.001; 
Figure 3). Compared with control plots, the aboveground biomass was 
higher in PV panel plots, with the aboveground biomass greater in 
grasslands (ln RR = 0.751, [0.571, 0.931], p < 0.001) and farmlands (ln 
RR = 0.823, [0.750, 0.896], p < 0.001), respectively (Figure 3). In general, 
PV panel construction did not affect plant species diversity indices, 
with the exception that plant species richness (ln RR = −0.555, [−0.720, 
−0.390], p < 0.001) was significantly reduced in woodland ecosystems.

4. Discussion

Overall, SPP construction had a significant effect on microclimatic 
factors such as air humidity, air temperature and PAR, which are 
major climate moderators influencing vegetation growth and 
terrestrial ecosystem functioning. In PV panel plots, PAR was much 
lower than in control plots, especially in grassland and farmland 
ecosystems. Photovoltaic panels convert solar radiation into electricity 
and therefore block sunlight from reaching the ground (Lewis and 
Nocera, 2006), the land surface beneath PV panels receives less 
radiation than uncovered land (Zhou et al., 2012). Here, we found that 
SPP had no significant effect on PAR in deserts, while another study 
(Liu et al., 2019) found a 67.3% decrease. In the desert system studied 
by Liu et al. (2019), vegetation cover was enhanced under the PV 
panels, resulting in less solar radiation reaching the surface. Changes 
in PAR induced by SPPs may lead to further alterations of other 
environmental factors. For example, in the Sahara, the PV panels of 
large-scale solar farms directly reduce surface albedo, creating a 
positive albedo-precipitation-vegetation feedback loop that triggers 
increases in temperature and precipitation (Li et al., 2018).

Compared to control plots, PV panel plots had significantly lower 
air temperature, with an average air temperature decrease in grassland 
ecosystems. The cooling of the land surface associated with SPP 
construction is related to the physical shading caused by PV panels 
(Marrou et al., 2013) and the interception of shortwave radiation by 
the PV arrays (Weinstock and Appelbaum, 2009). In grassland 
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ecosystems, hot PV panel surfaces can heat the ambient air, driving a 
PV heat-island effect (Chang et al., 2018).

Air humidity is another important factor affecting vegetation. 
Overall, SPP construction led to a significant increase in air humidity, 

FIGURE 1

Effects of solar photovoltaic panels on microclimatic conditions in terrestrial ecosystems. Error bars indicate 95% confidence intervals (CIs). If the CI 
did not overlap zero, the response was considered significant: *p < 0.05, **p < 0.01, and ***p < 0.001. The numbers in parentheses represent the sample 
size of each observation.

A B

FIGURE 2

Effects of solar photovoltaic panels on the soil environment in terrestrial ecosystems. (A) Soil physical properties, (B) soil chemical properties, and 
(C) soil functions. Error bars indicate 95% confidence intervals (CIs). If the CI did not overlap zero, the response was considered significant: *p < 0.05, 
**p < 0.01, and ***p < 0.001. The numbers in parentheses represent the sample size of each observation.
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especially in grassland ecosystems, where air humidity increased. This 
increase in air humidity may be caused by a reduction in net radiation 
and air temperature under the PV panels (Chang et al., 2018), or by 
changes in wind speed and turbulent mixing at the land surface 
(Armstrong et  al., 2014). How SPPs affect air humidity can also 
be closely linked to the vegetation status of an area. For example, Zhu 
et al. (2021) found that SPPs tended to indirectly affect humidity by 
regulating plant distribution and growth within the area.

Changes in microclimatic factors can produce corresponding 
changes in soil temperature and soil water content. However, SPP 
construction did not impact the overall physical properties of the soil. 
In a recent study (Zhou and Wang, 2019), soil organic matter, pH and 
total N and P varied little between PV panel rows and undisturbed 
areas outside the panel rows. We also did not detect an effect of SPP 
construction on soil total C or N content. However, SPP construction 
had contrasting effects on soil pH in farmlands versus grasslands. This 
may be due to variation among ecosystems in a number of important 
influential factors, including: Na salt leaching from PV panels, 
precipitation, soil erosion, surface runoff, vegetation characteristics 
and wind speed (Golubiewski, 2006; Cook, 2011; Barron-Gafford 
et al., 2019; Moscatelli et al., 2022). In farmland ecosystems, elevation 
of soil pH (from moderately acidic to slightly acidic) can increase the 
availability of soil P (Moscatelli et al., 2022). This reduction in soil C 
and N content is likely caused by the removal of topsoil during PV 
array construction (Choi et al., 2022). However, soil texture may also 
be an important determinant of how PV panels affect soil nutrient 
cycling (Mazaheri and Mahmoodabadi, 2012).

Our study found no net effect of SPP construction on CO2 flux, 
but a decrease in CO2 flux in woodland ecosystems. This decline in 
soil respiration may be due to reductions in plant growth and surface 

clearance under the PV panels (Lambert et al., 2021). To date, there 
remain few case studies of CO2 fluxes under SPP construction, with 
only a small amount of data from agricultural and forest ecosystems 
and no data from other ecosystems. Therefore, our assessment of SPP 
impacts on CO2 fluxes and other greenhouse gas emissions in 
terrestrial ecosystems is preliminary, and considerable future research 
will be required to fully elucidate these effects.

The construction of SPPs leads to changes in local shading and a 
redistribution of precipitation, as well as the evaporation of soil water 
(Cui et al., 2017). Together, the combined effect of these changes, as 
well as shifts in PAR and other soil variables, can greatly affect plant 
growth and community succession (Yan, 2017; Liu et  al., 2022). 
Overall, in this study, both the vegetation cover and plant productivity 
(as aboveground biomass) were much increased under PV panels as 
compared to controls. In farmland and grassland ecosystems, 
aboveground biomass and vegetation cover increased significantly. For 
comparison, Wang et al. (2016) found increases in both the fresh 
(128%) and dry (127%) weight of aboveground plant materials under 
PV panels, while in the Gonghe Basin of China, PV panels resulted in 
increases in vegetation cover (83.9%) and aboveground biomass 
(68.7%) (Li et al., 2016). Despite variation in plant productivity and 
cover changes, SPP construction appears to be beneficial to plant 
growth in most cases.

Improved plant growth can lead to the absorption of more 
carbon from the atmosphere, while also regulating the terrestrial 
carbon cycle through plant–soil processes and thereby affecting soil 
carbon storage, greenhouse gas emissions and ecosystem stability 
(Bardgett et al., 2008). The enhanced plant productivity seen at SPP 
sites allows more litter to enter the soil, providing a greater influx 
of nutrients, improving soil structure and increasing soil water 

A B

FIGURE 3

Effects of solar photovoltaic panels on vegetation characteristics in terrestrial ecosystems. (A) Aboveground biomass and cover and (B) plant diversity. 
Error bars indicate 95% confidence intervals (CIs). If the CI did not overlap zero, the response was considered significant: *p < 0.05, **p < 0.01, and 
***p < 0.001. The numbers in parentheses represent the sample size of each observation.
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holding capacity (Jia et al., 2018). More vegetation cover, especially 
in arid, sandy areas where vegetation cover is typically low, can 
provide protection from wind erosion (Wang, 2015). Taken 
together, the establishment of SPPs can not only provide electricity 
(via a new energy source), but also precipitate ecological benefits 
by enhancing vegetation cover.

We found no significant impact of SPP construction on plant 
species diversity. However, Wang et al. (2016) found that the Shannon-
Wiener and Simpson’s diversity indices increased by 60% and 32%, 
respectively, under PV panels as compared to control areas. The same 
trend was found by Zhang et al. (2020) in a desert ecosystem, where 
species richness, the Shannon-Wiener diversity index and Simpson’s 
diversity indices were higher below PV panels than outside the SPP. In 
Gonghe Basin, plant species richness increased by 119.2% under PV 
panels (Li et al., 2016). However, fewer plant species and lower species 
diversity occurred under PV panels in a typical grassland area (Du and 
Sun, 2017; Zhai et al., 2018). This indicates that the effects of PV 
panels on plant diversity are varied and may even be  in opposite 
directions. Furthermore, SPP construction may cause changes in plant 
community structure, which may not necessarily be reflected in plant 
diversity shifts (Zhai et al., 2018). Understanding the specifics of how 
SPP construction affects plant community structure requires 
further study.

Woodland ecosystems showed different responses to SPP 
construction than other ecosystem types. In woodlands, we found 
reductions in plant species richness and vegetation cover beneath PV 
panels. This is probably because, in woodland ecosystems, woody 
plants are removed and the land surface cleared prior to PV array 
construction (Lambert et al., 2022).

5. Conclusion

In our meta-analysis, SPP construction was found to significantly 
alter the local climate, increasing air temperature and PAR, while 
decreasing air humidity, these impacts were more prominent in 
grasslands versus other terrestrial ecosystems. However, SPP effects 
on soil parameters were generally not significant, perhaps due to the 
substantial spatial and temporal variation observed in these effects. 
Nevertheless, changes in vegetation caused by shifting environmental 
factors were evident. In most studies, SPP construction has been 
found to increase plant productivity (as aboveground biomass) and 
vegetation cover, except for in woodlands, where woody plants are 
removed during SPP construction. SPP projects not only generate 
clean energy, but also provide additional benefits by greening land 
surfaces in arid areas and increasing carbon sequestration. However, 
given the variation in these effects among ecosystem types, caution 

needs to be  taken when considering future SPP development and 
management across regions.
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