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Background and Objectives: Indirect methods for measuring the leaf area index (LAI), such as
hemispherical photography using a digital camera equipped with a fisheye lens, provide high
accuracy; however, they are often costly and logistically challenging for field applications. Recent
advances in smartphone technology and the availability of clip-on fisheye lenses have created
new opportunities for low-cost LAI estimation. This study aimed to evaluate the accuracy of
hemispherical images acquired with a smartphone relative to those obtained with a digital camera
for estimating LAl in stands of Robinia pseudoacacia L., Pinus eldarica Medw., Celtis australis
L., and Fraxinus rotundifolia Mill. in Chitgar Forest Park,Tehran County, Iran.

Methodology: A total of 169 sampling points were selected across four stands, including 47
points in R. pseudoacacia, 36 in P. eldarica, 47 in F. rotundifolia, and 39 in C. australis. The first
sampling point in each stand was selected randomly, and subsequent photographs were taken at
10-m intervals beneath the canopy. At each point, two hemispherical images were captured
simultaneously using a digital camera and a smartphone. All photographs were taken at a height
of 0.5 m under pre-sunrise conditions to ensure uniform lighting. LAI values were derived from
the images using GLA software. Data normality was assessed in SPSS, followed by paired t-tests.
For linear regression modeling, 70% of the data were randomly selected for model calibration and
the remaining 30% for validation. Regression analyses were conducted in Microsoft Excel. The
F-test was used to evaluate the overall significance of regression models, while root mean square
error (RMSE), relative root mean square error (RRMSE), and bias were calculated to assess model
performance.

Results: The mean LAI values measured by the digital camera were 0.80 (+0.27 SD) for R.
pseudoacacia, 0.89 (£0.15 SD) for P. eldarica, 1.24 (£0.16 SD) for C. australis, and 0.77 (£0.27
SD) for F. rotundifolia. Corresponding smartphone-derived values were 0.66 (£0.31 SD), 0.83
(£0.19 SD), 1.07 (£0.14 SD), and 0.75 (£0.30 SD), respectively. Paired t-tests revealed significant
differences (p < 0.05) between the two methods for R. pseudoacacia, P. eldarica, and C. australis,
whereas no significant difference was found for F. rotundifolia (p > 0.05). Mean differences were
positive for all species, with the largest difference observed in C. australis (0.20) and the smallest
in F. rotundifolia (-0.028). All simple linear regression models were statistically significant

Copyright: © 2026 by the authors. This is an open access, peer-reviewed article published by Research Institute of Forests
@ ® and Rangelands (https:/ijfpr.areco.ac.ir/) and distributed under the terms of the Creative Commons Attribution License
BY (https:/creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original author and source are credited.



https://ijfpr.areeo.ac.ir/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22092/ijfpr.2025.369359.2201
https://doi.org/10.22092/ijfpr.2025.369359.2201
mailto:vbayramzadeh@gmail.com
mailto:attarod@ut.ac.ir

Iranian Journal of Forest and Poplar Research Vol. 34 No. 1, 2026

according to the F-test, while intercept terms were not significant based on the t-test. The
coefficients of determination (R?) were 0.53 for R. pseudoacacia, 0.59 for P. eldarica, 0.73 for
C. australis, and 0.71 for F. rotundifolia. Validation using the remaining 30% of the dataset
produced RMSE and RRMSE values of 0.07 and 9% for P. eldarica, 0.10 and 10% for C.
australis, 0.18 and 25% for F. rotundifolia, and 0.18 and 33% for R. pseudoacacia. Direct
smartphone measurements consistently underestimated LAI across all species, with the greatest
underestimation observed in C. australis (13.7%) relative to reference values.

Conclusion: In this study, digital camera measurements were used solely as reference data for
model calibration and validation. Once calibrated, the developed models enable smartphones to
estimate LAI independently without requiring camera-derived measurements. However, the
models were validated only for the species and environmental conditions examined and would
require additional calibration and validation before application to other species or regions. Despite
the lower image quality and accuracy of a mid-range smartphone equipped with a clip-on fisheye
lens compared with a digital camera, this approach offers a practical and cost-effective alternative
for LAI estimation in remote locations and large-scale field monitoring programs, particularly in
stands with relatively homogeneous canopy structures.

Keywords: Fisheye lens, hemispherical photography, linear regression, model validation.
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Figure 1. Geographical location of the study area (Chitgar Forest Park) in Tehran province, Iran
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Table 1. Sampling dates and number of randomly sampled points from coniferous and broadleaf stands in

Chitgar Forest Park
Stand Sampling date Number of sampling points
Robinia pseudoacacia September 12 2022 47
Pinus eldarica September 06 2022 36
Celtis australis September 06 2022 39
Fraxinus rotundifolia September 16 2022 47
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Figure 3. Representation of the studied stands in Chitgar Forest Park, A) Robinia pseudoacacia, B) Pinus
eldarica, C) Celtis australis, and D) Fraxinus rotundifolia
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Figure 4. An example of an image taken from a Pinus eldarica stand at a fixed point. Right: digital camera; Left:
smartphone



A

Pi csloanlice slmosls sl Sy N (1)) alal, Lo
O 5 (sa2a,5] 5 laie) Jow by sad ity ol
e (sa g S5l i) sazsanlos i Sl
o sl (RRMSE) o sl oo ilie e 5
salazl dly Jlade 4 Cud o5 Oy 50 & Je sllax
& oolee 4ty 3ledle s b s ol (Y adal) s
9 35850 Al sadoanlie ol ole 4 s s
A e @l 31 i olie 5o Jue s Shae 4 lis S
i 28> Sl sl 55 ko 4 RRMSE 4 »

ol o1 e 23l 5 Jas

RMSE
RRMSE = — X 100 (Y) abal,

s Cgr s sl e (Bias) o)l exle
om Nl b el o) (Y ) ws eslinad Jus
Dlade s e plas 1 8l ol 5 sad go i olis
Ol Gite Slis 5 Jae saslaite b ol o
Ao & el i ax a ol 6-’)3L€p5 sl
Dg sl i Jae Cds sl S Ky

N

_ 1
Bias = NZ(PI - 01)

i=1

(Y) o,

S ol pala sl
VY) 2S5 slaonsi 5 oS YYA f s 5o
(e VA) plelasls (oSe A7) LB6I S e 5 (oS
el oSl (Y Jouas) as a5 (LS AF) o s
o A gr S 5 Sl msss 1y S el
o /AY 5+ /A C\Sd\ju/?? 9o /N 50 5 L3I ¢l
PRVAA A YSCSSTYRv PR VA APRVA & g A KV Ny g
Fhe anaS 5 anin (Y Joas) as g Seslwl +/V0

Vooled YF als ol e 5 S Slides e 4

bl Judos 5 a2 5 S ch 02l gl Al

GLA L3l 5l S b pasla glsunl Gl
Tering etal., 2025; ) ,z »s\ax.) (Gap Light Analyzer)
8 Ll W& sl el (Yang et al., 2025
s otdagb sla oo ol ol ssba s ks esla
SLolsler s 50 olile 5 65 sboasls 5l ,
wks asle GUSG (pmen o s ol b IS
w23 5ol S green 250 5 (Hue) (b (Contrast) s
Gt s olel ol w38 il b a8
_ (Thresholding) ¢,li8alu] Jlel U o5 il
5 (e S o) plonl KLl o Sy 58 (555
SSE ) sd 0 SSE (e O)p0k) il
o 5 St ol bl S T o a1
Sy sl ganalin] Hoki ol pm 5 35m e
Sladas RSG5l ol ot b Jusy S8
Sd g d pa 3 3)lse 53 5 L0 g 4 aby s
b oS o sl slousls ol aad 51 gy it Jlas
Wosls 39 Sl 5 oy 505! il SPSS V21 Jbé‘i’f 51 ealazal
besls adsl aslie sl 55 i 5 0se5] 5l ol
A5l 5 5l eslaad b omtzan as olinad 28 5 s
S oo S5 oledas il esls 3l as s Ve Excel
L dae i lael (o i Ol golas &5 50 4
1238 oLl Waosls 3l as s ¥

Jie mllas
ol S laie RMSE (V abay))) a eslizel iy S5 Joa

& adlie ol ax p S e ew Sl g e U o 5l &S
slhas 5 Joe i s samsplas sl ;Ko jio

N 0.5
RMSE = [N ) (P, — 01)2] (\) alal,
2




> A pp gl 35S ol oo

(Y Jsoa) dal sy (LG o555 55) < /VF

Yy

5 (Olelaels oo 3) V&Y cwia S, chw o>l

5 dees cmoa b Sae K S s S 5 S e sy gy S e 23 oy sloslel =¥ Joux

Sadgp 55
Table 2. Descriptive statistics of leaf area index for coniferous and broadleaf stands in Chitgar Forest Park with
digital camera and smartphone

coefficient of

Tools Species Minimum Maximum Average  Standard deviation variation (%)
g Robinia pseudoacacia 0.39 1.51 0.8 0.27 34.42
g Pinus eldarica 0.63 1.29 0.89 0.15 13.04
E Celtis australis 0.9 1.61 1.24 0.16 16.63
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“ Fraxinus rotundifolia 0.22 1.46 0.75 0.3 46.62
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Table 3. Results of the paired t-test comparing the estimated leaf area index obtained by the digital camera and
the smartphone in broadleaf and coniferous stands of Chitgar Forest Park at a 95% confidence level

Paired differences

95% Confidence interval

Species Mean Standard  Standard error of the difference t df  Sig. (2-tailed)
deviation mean
Lower Upper
Robinia pseudoacacia 0.117 0.219 0.032 0.053 0.182 3.66 46 0.001"
Pinus eldarica 0.061 0.117 0.019 0.021 0.101 3.12 35 0.004"
Celtis australis 0.169 0.094 0.015 0.139 0.2 11.2 38 0.000"
Fraxinus rotundifolia 0.022 0.173 0.025 -0.028 0.073 0.89 46 0.381"

*: Significant at p<0.05; ns: non-significant
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Table 4. Linear regression between the estimated leaf area index values obtained by the digital camera (x-axis)
and the smartphone (y-axis) (70% of the data) and model validation (30% of the data)

Species Regression model equation

R-squared (R?) RMSE RRMSE (%) Bias

- Robinia pseudoacacia y=0.53x+0.37 0.53 0.25 29.6 -0.13

§ '% Pinus eldarica y=1.03x-0.08 0.59 0.14 15.8 -0.06
,_E1 %n Celtis australis y=0.67x+0.25 0.73 0.17 21.3 -0.02
= Fraxinus rotundifolia y=0.9x+0.05 0.71 0.19 15.1 -0.17

o Robinia pseudoacacia y=0.64x+0.26 0.7 0.18 33 0.062
'% Pinus eldarica y=0.97x+0.03 0.69 0.07 9 0.011
% Celtis australis y=0.46x-0.58 0.64 0.10 10 0.031
g Fraxinus rotundifolia y=0.54x-0.34 0.55 0.18 25 0.005
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Figure 5. Relationship between actual (horizontal axis) and estimated (vertical axis) values of leaf area index
with smartphone in stands of Robinia pseudoacacia, Pinus eldarica, Celtis australis, and Fraxinus rotundifolia
(red line is the 1:1 line)
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