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Article Info ABSTRACT

Article type: Objective: The objective of this research was to evaluate the effect of temperature, salinity,

Research Article and seed priming on germination and to determine cardinal germination temperatures (i.e.,

base, optimum, and maximum) of Camelina seeds.

Article history: Method: Experimental treatments included different levels of seed priming (control,
Received: 22 November 2025 hydropriming, priming with gibberellic acid, and brassinosteroid at 50 ppm), salinity (0,
Received:15 February 2026 . o

Accepted: 23 Febma&c 2026 100, and 200 mM), and different temperatures (5, 10, 15, 20, 25, 30, 35, and 40°C). To

estimate cardinal temperatures, three nonlinear regression models (dent-like, segmented, and
beta) were fitted, and their accuracy was evaluated using RMSE, CV, R?, and SE criteria.

Results: The results showed that Camelina seed germination was significantly affected by
the interaction of temperature, salinity, and priming treatments, and none of these factors
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Cardinal temperatures could be interpreted independently. The highest germination percentage and rate were
Germination speed obtained at 20°C under non-saline conditions, particularly with the application of gibberellic
Gibberellic acid acid and brassinosteroid at 50 ppm; whereas the combination of high temperatures

(especially 35°C) and 200 mM salinity caused a severe reduction or complete inhibition of
germination. Hormonal priming, in addition to increasing germination percentage, reduced
the time to 50% germination, thereby increasing germination rate, decreasing base
temperature, and improving the thermal tolerance range. Among the three models evaluated,
based on RMSE, CV, R?, and SE criteria, the segmented and dent-like models were the most
suitable for estimating the cardinal temperatures of Camelina. The results also showed that
the most effective priming treatment was priming with brassinosteroid.

Conclusion: The use of priming, especially with brassinosteroid and gibberellic acid, can be
recommended as an effective strategy to improve Camelina seed establishment under
salinity stress and temperature fluctuations. The use of nonlinear regression models,
including dent-like, segmented, and beta models, can be effectively used to quantify the
response of Camelina seed germination to temperature, salinity, and seed priming.
Therefore, by utilizing the output of these models across different temperatures, it is possible
to predict the germination rate under various priming treatments and salinity levels.
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Highlights:

e Assessing the combined effects of temperature, salinity, and priming on Camelina
seed germination.

e Quantifying the impact of seed priming on cardinal temperatures of Camelina
under salinity stress.

e Comparing and selecting the superior nonlinear model (dent-like and segmented)
for estimating Camelina cardinal temperatures under salinity stress and priming.

Introduction

Camelina sativa (L.) is an emerging oilseed crop of significant agronomic value,
particularly for dryland agriculture. Its high seed oil content and unique fatty acid profile
position it as a critical resource for biofuels, biopolymers, and human nutrition (Popa et al.,
2017). Despite its adaptability to low-input environments, the small seed size of Camelina
(approx. 0.7 x 1.5 mm) renders seedling establishment—the most vulnerable stage of its life
cycle—highly sensitive to environmental stresses such as salinity and thermal fluctuations
(Na et al., 2018). As climate change increases the frequency of extreme weather events,
understanding the factors governing germination in Camelina is not only a botanical necessity
but also an agricultural imperative for stabilizing productivity in arid and semi-arid regions.

While previous research has established the individual effects of temperature and salinity
on seed germination (Hosseini Sanehkoori et al., 2023), there remains a notable knowledge
gap regarding the interactive effects of thermal stress, salt concentration, and seed priming
agents (e.g., gibberellic acid and brassinosteroids) on the 'Soheil' cultivar. Most existing
studies focus on single-factor stress; however, under field conditions, these stresses act
concurrently. Furthermore, while the general behavior of Camelina is known, precise cardinal
temperatures (base, optimum, and ceiling) under multifaceted stress conditions have yet to be
fully elucidated.

The primary aim of this study was to quantify the interactive influence of temperature,
salinity, and chemical priming on the germination parameters of C. sativa cv. 'Soheil'. This
research adopts a post-positivist quantitative approach, utilizing non-linear regression
modeling to explain germination responses. The rationale for this experimental design was to
isolate variables in a controlled laboratory setting, allowing for the construction of predictive
mathematical models that can assist in determining optimal sowing windows for agronomic
success.

We hypothesized that: (1) Salinity would negatively correlate with germination rate and
percentage; (2) Seed priming treatments would mitigate these adverse effects by shifting
cardinal temperature thresholds; and (3) A mathematical modeling approach (specifically,
segmented, dent-like, and beta models) would provide superior predictive precision compared
to descriptive statistical methods.
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Method

This study was conducted as a quantitative laboratory experiment in 2021 at the Seed
Research Laboratory of Ars. C., Islamic Azad University, Iran. A factorial experiment based
on a completely randomized design was employed to evaluate the effects of temperature,
salinity, and seed priming on the germination of Camelina sativa L. cv. 'Soheil'. Treatments
included eight temperatures (5-40 °C), three salinity levels (0, 100, and 200 mM NacCl), and
four priming treatments: control (untreated seeds), hydro-priming (distilled water), priming
with gibberellic acid (50 ppm), and priming with brassinosteroid (50 ppm). For each
treatment, four replicates of 50 seeds were used.

Germination was recorded at 24-hour intervals until no further germination was observed
for three consecutive days, and seeds with a radicle protrusion of at least 1 mm were
considered germinated. Final germination percentage (FGP), time to 50% germination (Ts),
germination rate (GR), and cardinal temperatures (Tb, To, and Tc) were calculated. Four non-
linear regression models (logistic, dent-like, segmented, and beta) were fitted using SigmaPlot
14.0, and model accuracy was evaluated based on RMSE and parameter standard errors.

As the study did not involve human or animal subjects, ethical approval was not required.
The study was not mixed methods because only quantitative experimental data were collected.

Results

Analysis of variance (ANOVA) showed that the main effects of temperature, salinity, and
seed priming on germination percentage were significant at the 1% probability level (p <
0.01). In addition, all two-way and three-way interactions among these factors were also
significant, indicating that germination responses were strongly dependent on the combined
effects of temperature, salinity, and priming treatments.

Germination percentage varied widely among treatment combinations, ranging from
approximately 98% under optimal conditions to approximately 2% under the most
unfavorable conditions. Increasing temperature up to 20°C significantly improved
germination, whereas higher temperatures, particularly 30 and 35°C, resulted in a sharp
decline in germination. No germination was observed at 40°C.

Salinity stress significantly reduced germination. Seeds germinated best under non-saline
conditions, whereas moderate salinity (100 mM) caused a moderate reduction, and severe
salinity (200 mM) caused a substantial decline in germination, particularly at higher
temperatures.

Seed priming improved germination performance under most conditions. Priming with 50
ppm gibberellic acid and 50 ppm brassinosteroid generally resulted in higher germination
percentages compared with the control and hydro-priming treatments, increasing germination
percentage by approximately 10-20% in several treatment combinations. However, under
high temperatures combined with severe salinity stress, priming treatments could not fully
compensate for the reduction in germination.

Cumulative germination data were modeled using a three-parameter logistic function to
estimate germination rate parameters. The results showed that germination rate increased with
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temperature up to 20°C and decreased at higher temperatures. Seed priming reduced the time
required to reach 50% germination (Ts,) and increased germination rate, with brassinosteroid
priming resulting in the shortest Ts, in most temperature treatments.

Camelina seeds germinated across a relatively wide temperature range but were sensitive
to temperatures above 30 °C. Under severe salinity (200 mM) and high temperature (35°C),
germination was extremely low or completely inhibited.

Estimation of cardinal temperatures using dent-like, segmented, and beta models indicated
that salinity increased the base temperature (Tb), whereas priming treatments reduced Tb
under saline conditions. Salinity also decreased the ceiling temperature (Tc), while priming
tended to increase Tc and expand the optimal temperature range (To) for germination.

Evaluation of model performance based on lower RMSE and CV values, higher R?, and
closer fit to the 1:1 regression line showed that the dent-like and segmented models provided
the best fit for describing the germination response of Camelina seeds under the tested
conditions.

Conclusions

The results demonstrated that germination rate increased significantly with rising
temperature up to the optimal range, after which it declined. Under non-stress conditions,
priming treatments had no significant effect on base temperature (Tb); however, as salinity
stress intensified, Th increased, and the application of priming treatments reduced this
increase. Priming also expanded the optimal temperature range (To) for Camelina seeds
compared with non-primed seeds and decreased the thermal time required for germination
(i.e., biological hours), indicating a positive effect of priming treatments on germination rate.

Based on RMSE, CV, and the 1:1 regression line evaluation criteria, the segmented and
dent-like models consistently outperformed the beta model and were identified as the most
suitable for predicting germination responses and estimating Camelina cardinal temperatures
(Th, To, and Tc).

Finally, the results indicated that priming with 50 ppm brassinosteroid produced the most
favorable outcomes and appeared to be the most effective treatment under salinity stress.
Therefore, priming with 50 ppm brassinosteroid, in combination with dent-like and segmented
modeling approaches, can be recommended for assessing and improving Camelina seed
germination under saline conditions. These findings can assist in determining optimal sowing
windows and developing effective priming strategies for Camelina cultivation in saline-
affected regions. Future research should validate these findings under field conditions and
explore the physiological mechanisms underlying the observed priming effects.
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Table 1- Segmented, dent-like, and beta models fitted to
germination rate data at various temperatures to estimate
cardinal temperatures. Th, Tol, To2, To, Tm, fo, and T
represent base temperature, lower optimum temperature,
upper optimum temperature, optimum temperature,
ceiling  temperature, constant  coefficient, and
experimental temperature, respectively.
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f(T)= (T_Tb)/(TOl_Tb) if Tb< T< TOl
asle olass .
‘Qb&»& s ‘)u;) f(T): (TC'T)/(TC'Toz) if T02< T< TC
(Va4 f(T)= 1if T01< T< T02
Dent-like f(T)= 0 if T< Ty or T> T,
S5 g0 f(T)= (T-T)/(To-Tp) if TI<T< T,

Oher 5 Gll)  §(T)= [1-(T-To)(Te-To)] if To< T< T

(-7 f(T)= 0 if T< Ty or T> T,
Segmented
sy D= (DITT)(T-T)(Ter
(1248 Tb)) (To-Th)/(Tc-To)
Beta
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Table 2- Germination percentage under different temperatures, salinity levels, and seed priming treatments for camelina
seeds.

CC) ks Sy Sl Salinity (mM) (Yse ko) (555
Temperature (C°) Seed priming 0 100 200
mon-primed) !, cyg0 86.00 jki 0.00 z 0.00z
(Hydroprime) T4 Syl 88.00 ijk 78.00 nop 66.00 rst
e S e 00 Sz il b Sl .
5 riming with 50 ppm GA, 90.67 ghi 80.00 mno 68.67 qrs
Sl 0 S ke B 0 gl b Sl
riming with 50 ppm Bn) 93.33 efg 84.67 kim 70.67 par
mon-primed) ! cyso 88.67 hij 86.00 jklI 70.67 pqr
(Hydroprime) 1L Kol 91.33 fgh 81.33 mno 70.00 pgr
A e S e 00 Sz ol b Sl .
10 (riming with 50 ppm GA, 93.33 efg 86.00 jkI 78.67 nop
- < - 56 vl aiwl o b Son!
P9 7 ke 00 Mgl b Sl 94.67 def 90.67 ghi 80.00 mno
(priming with 50 ppm Br)
mon-primed) w!, cyg 93.33 efg 91.33 fgh 76.67 opq
(Hydroprime) L1 Saaslyy 94.00 def 93.33 efg 78.67 nop
: S ko 00 S b e
15 7 5k O Sz Sl Sl 96.00 bed 94.67 def 80.00 mno
(priming with 50 ppm GA)
: § ko B0 0 gl b Kooy
7ot e B Syl Sl 96.00 bed 94.67 def 82,67 Imn
(priming with 50 ppm Br)
mon-primed) w!, cyg0 94.00 def 93.33 efg 86.00 jki
(Hydroprime) o1L Kiesl 98.67 a 96.00 bed 90.00 ghi
S 0 S ke 00 Sl sl b Sl .
20 (priming with 50 ppm GA, 98.67 a 96.67 abc 90.00 ghi
~~ § o B0 0 gl b Koy
P 027 e O g tlyiondin b Sl 98.67 a 96.67 abc 93.33 efg
(priming with 50 ppm Br)
non-primed) !, 50 86.00 jkI 76.67 opq 48.67 w
(Hydroprime) 1L Kl 88.67 hij 82.67 Imn 77.33 opq
rJ)QP;&ﬂA&JWMW&W‘)’ ..
25 (oriming with 50 ppm GA, 91.33 fgh 88.67 hij 78.00 nop
- e - 56 viwlaiwl v b Soes!
P> len b sdgfilgiendy b Sl 92.67 efg 90.67 ghi 80.67 mno
(priming with 50 ppm Br)
mon-primed) !, cyg0 76.67 opq 54.00 v 2467y
Hydroprime) ol b Sicesl 77.33 opq 56.67 uv 28.67 xy
: S Lo 00 S b Koo
30 7 5k 00 Sz sl Sl 82.67 Imn 59.33 U 31.33x
(priming with 50 ppm GA)
: S Lo 00 g ulgienl y b Ko
R A 83.33 kim 64.67 st 36.67 x
(priming with 50 ppm Br)
non-primed) wl,, g 38.00 x 18.67 yz 0.00 z
Hydroprime) ol b Sieesl 42.67 wx 6.00 z 0.00 z
Sk 00 Sl wel b Sivanl
35 (oriming with 50 ppm GA, 44.00 wx 733z 0.00z
- < - 56 viwlaiwl v b Soes!
Aol pF e B Seigiulgiendi b Sl 47.33w 9.332 0.00z

(priming with 50 ppm Br)

LSD 2.6 6.9 4.8

0950 polie auslie (gl Laid LSD0.05 yolie i plosil AlSlaz jsboas (5,50 mhaw ,o 5l (5,l] 525 (5,50 zobaw (yloe Xeo polie arels ol wales JLdoay

e ooliiwl BB (5505 Fobaws (e dualiie (gly g Wy abogy e (5590 (gt
Due to substantial variation in the range of X50 values across salinity levels, statistical analyses were conducted separately for each salinity
level. The LSDy.os values are valid only for comparisons within the same salinity level and should not be used for comparisons between
different salinity levels.
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Table 3- Germination ts, values (hours) estimated by fitting the three-parameter logistic model to cumulative germination
percentage data under various temperature, salinity, and priming conditions in camelina

CC) ks Sy Sl Salinity (mM) (Yga ko) (5,5
Temperature (C°) Seed priming 0 100 200
mon-primed) !, cyg0 230.65 - -
(Hydroprime) 1L Kl 182.54 432.65 676.54
: S o 00 S b K
5 A ek P e 2 e 135.67 343.76 620.54

(priming with 50 ppm GA)

S S e S e O g pislginl b sl

riming with 50 ppm Bn) 122.65 310.76 600.54
mon-primed) !, yg0 88.43 273.98 421.87
(Hydroprime) T4 Syl 83.54 235.43 420.54
s 0 S ke 00 Sz sl b Sl
10 (priming with 50 ppm GA, 75.43 186.43 321.54
: § Lo 00 0 gl b S
7o e B Syl Sl 62.65 176.61 263.15
(priming with 50 ppm Br)
non-primed) !, 50 63.49 168.65 234.65
(Hydroprime) _1 Saeslyy 57.63 134.65 201.65
e P;g}“ O Sy Sl b Sl
15 riming with 50 ppm GA, 43.67 108.87 197.43
“ 4 - 56 viwlaiwl v b oo
Ao pfale bt Sdaiilyiend b Snly 34.87 105.65 190.54
(priming with 50 ppm Br)
mon-primed) w! cyg 44.87 110.54 180.76
(Hydroprime) o1 L Sl 39.98 98.43 167.76
BN P;g}“ O Sy sl b Sl
20 riming with 50 ppm GA, 33.65 96.76 150.76
: § ko B0 0 gl s b Ko
7ot e B Syl b Sl 3245 93.54 146.76
(priming with 50 ppm Br)
non-primed) !, 50 60.56 213.65 -
Hydroprime) ol b Sicesl 58.65 145.65 328.46
Sk 00 Sl sl b Sivanl
25 (oriming with 50 ppm GA, 52.34 139.87 297.12
: $ o B0 0 mulgienl b Sey]
Aol pF e B Seigiulgiendi b Sl 46.76 136.76 260.54
(priming with 50 ppm Br)
non-primed) wl,, g 137.76 300.65 -
Hydroprime) o1 b Sl 112.44 555.55 -
Frotip r’)fu.J""’ O Sy sl b Sl
30 @riming with 50 ppm GA) 100.65 384.6154 )
: S ko B+ ag ulginl b Siey]
o 3 e S e 0wy gl p b Sl 99.54 333.33 )

(priming with 50 ppm Br)
mon-primed) !, cyoo - - -
Hydroprime) ol b Sieesl - - -
Sk 00 Sl sl b Sivanl
(priming with 50 ppm GA)
3 S ke B0 Ay ity b Sl
(priming with 50 ppm Br)

LSD 13.65 37.43 52.43

0950 polae auslin gly 1aad LSD ggs polae o plowl ail¥las jgbay (5,08 maw o sl p Lg)L,;l 4355 ¢ 5,95 okrw Gl Xso  polae atals ol woles Jdoay
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Due to substantial variation in the range of X50 values across salinity levels, statistical analyses were conducted separately for each salinity
level. The LSDy.os values are valid only for comparisons within the same salinity level and should not be used for comparisons between
different salinity levels.
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Figure 1- Predicted (solid lines) and observed
(symbols) germination rates of camelina seeds under
non-stress conditions at different temperatures and
priming treatments, fitted using segmented, dent-like,
and beta models.
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Figure 2- Predicted (solid lines) and observed
(symbols) germination rates of camelina seeds at
different temperatures and priming treatments using
segmented, dent-like, and beta models under 100
mM salinity stress.
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Figure 3- Predicted (solid lines) and observed
(symbols) germination rates of camelina seeds at
different temperatures and priming treatments using
segmented, dent-like, and beta models under 200 mM

salinity stress.
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Table 4. Estimated base temperature (Tb), optimum temperature (To), lower (Tol) and upper (To2) optimum temperatures,
ceiling temperature (Tc), biological time (fo), intercept (a), and slope of the regression line between predicted and observed
germination rates for camelina seeds under non-stress conditions, as derived from nonlinear regression models. Values in
parentheses are standard errors. A, B, C, and D denote non-primed (dry seed), hydroprimed, gibberellic acid-primed (50
ppm), and brassinosteroid-primed (50 ppm) treatments, respectively.

Jas slass e asle lus [
Model Segmented Dent- like Beta
o
B C D A B C D A B C D
(Parameters)
4 0.98 0.8 0.74 0.66 0.99 0.81 0.66 0.63 0.34 023 0.2 02
d (1.48) (1.13) (1.68) (1.48) (1.95) (1.46) (1.31) (1.08) (5.08) (5.43) (4.41) (6.42)
20 19.57 19.69 19.54 20.59 19.57 19.56 19.56
L (1.91) (1.54) (1.32) (1.91) ) (4.84) (4.34) (5.35) (4.37)
& R : . : 20.11 18.8 18.13 16.5
a (6.09) (5.51) (3.78) (3.44)
¢ N A ) A 21.88 2022 19.54 19.6
o2 (5.63) (436) (3.09) (2.55)
343 36.1 36.8 36,84 33.92 343 36.84 368 33.88 359 3571 357
k (1.68) (1.76) (1.06) (1.68) (1.97) (3.02) (1.73) (1.46) (3.04) (3.29) (3.29) (3.3)
£ 4245 41.54 34.11 29.49 44.85 4025 3411 3233 49.13 49.09 36.7 367
a (1.53) (1.79) (1.73) (1.53) (4.38) (4.38) (2.73) (1.22) (7.02) (7.57) (5.18) (5.86)
a 0.0001 000003 00002 0.00001 0.00004 0.0003 0.0003 0.00002 0.0007 0.0007 o0 4”00 0.00008
b 0.99* 098" 097" 09" 0.96 0.99" 0.99* 0.99" 094" 0.93° 0.90" 0.96™
R*Adj 0.90 0.98 0.93 0.93 0.80 0.96 0.92 0.9% 0.91 0.74 0.72 0.78
RMSE 0.0008 0.0005 0.0009 0.008 0.001 0.0006 0.0009 0.007 0.009 0003 0.008 0.008
CV % 512 584 876 965 889 £.99 B8 899 2245 19.1 20.76 20.16
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Table 5. Estimated base temperature (Tb), optimum temperature (To), lower (Tol) and upper (To2) optimum temperatures,
ceiling temperature (Tc), biological time (fo), intercept (a), and slope of the regression line between predicted and observed
germination rates for camelina seeds under 100 mM salinity stress, as derived from nonlinear regression models. Values in
parentheses are standard errors. A, B, C, and D denote non-primed (dry seed), hydroprimed, gibberellic acid-primed (50
ppm), and brassinosteroid-primed (50 ppm) treatments, respectively.

Joe slasS g asile Slads Ly
Model Segmented Dent- like Beta
il . .
B C D A B C D A B C D
(Parameters)
t 1.9 1.21 1.1 1.03 1.62 1.21 1.1 1.03 434 323 02 0.2
b (2.48) (1.65) (1.74) (1.12) (0.76) (L.11) (1.03) (Loty (5.87) (5.12) (4.87) (6.11)
19.89 20.1 19.54 199 . . _ ) 19.59 19.67 19.45 19.48
b (1.21) (L11)  (1.65)  (1.87) (4.92) (4.87) (5.11)  (487)
t 19.11 19 16.76 16.84
ol N N - - (3.54) (5.87) (1.92) (2.76) - -
19.91 20 19.86 19.84
Loz - - - - (4.54) (5.76) (2.11) (2.12) - -
30.23 3243 3334 3376 3033 3243 3334 3421 3097 3143 3265 3372
L (1.35) (L11)  (286)  (2.98) (1.97) (3.02) (1.73) (1.46) (3.8) (4.76) 4.76)  (6.43)
£ 11327 99 92.07 £9.25 116.34 98.33 096.38 96.25 127.43 11121 10592 102.79
a (8.67) 4.15)  (5.04)  (4.88) (9.64) (4.98) (4.45) (3.22) (20.29) (1059)  (1022)  (10.76)
a 0.0001 0.0001 0.0002 0.00001 0.00003 0.00003 0.00002 0.0002 0.0004 0.0009 0.0004 0.00006
b 0.99™ 0.98™ 097" 0.99™ 0.96" 0.99™ 0.99° 0.99™ 0.94° 093" 0.90% 0.96™
R:Adj 099 0.9 093 0.87 0.98 0.79 097 098 0.64 0.82 0.73 0.72
RMSE 0.0003 0.0005 0.0006 0.0009 0.0003 0.0008 0.0004 0.0004 0.007 0.005 0.009 0.009
CV % 512 596 4.76 6.65 5.16 784 388 375 19.96 18.32 17.87 17.53
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Table 6. Estimated base temperature (Tb), optimum temperature (To), lower (Tol) and upper (To2) optimum temperatures,
ceiling temperature (Tc), biological time (fo), intercept (a), and slope of the regression line between predicted and observed
germination rates for camelina seeds under 200 mM salinity stress, as derived from nonlinear regression models. Values in
parentheses are standard errors. A, B, C, and D denote non-primed (dry seed), hydroprimed, gibberellic acid-primed (50
ppm), and brassinosteroid-primed (50 ppm) treatments, respectively.

Jae WSS g azile olass L
Model Segmented Dent- like Beta
=l
B C D A B C D A B C D
(Parameters)
A 4.81 1.78 167 1.56 481 1.55 0.69 1.6 456 1.55 1.42 127
b (2.65) (1.02) (1.12) (1.01) (1.95) (2.54) (1.99) (1.98) (6.43) (8.98) (7.65) (4.88)
19.54 19.87 19.78 19.89 R R ) ) 19.04 19.32 19.23 19.11
b (1.44) (1.51) (1.54) (1.22) (7.65) (8.87) (9.22) (9.54)
‘ i A R R 17.98 188 18.43 17 ) ;
ol (6.76) (5.76) 4.32) (3.44)
: 19.72 19.14 20 20
02 N - - - (6.46) (4.99) (4.87) (2.55) - -
25.54 29.87 29.87 31 25.43 29.87 29.87 30.87 25.87 28.97 29.98 29.67
L (1.32) (1.24) (1.43) (1.59) (7.56) (4.86) (2.67) (1.46) (7.78) (7.76) (7.35) (187)
£ 165.74 16487 152.81 14444 178.09 166.53 160.01 169.37 180.7 194.36 177.52 169.77
o (4.54) (15.86)  (10.9)  (12.10) (14.76) (4.16) (19.62) (24.08) (33.83) (28.8) (2265)  (28.86)
a 0.0001 0.00003  0.0001  0.00002 0.00007 0.0003 0.0003 0.00002 0.0009 0.0007 0.0009  0.00008
b 0.997 0937 0.98" 0.98™ 0.93" 09 097 093" 0.8 0.84 0.8 0.96™
R'Adj 0.99 0.85 092 0.87 0.81 0.69 0.83 0.88 0.52 0.56 0.64 0.69
RMSE 0.0004 00009 0.0005 0.009 0.0007 0.006 0.0007 0.0089 0.01 0.009 0.009 0.009
CV % 311 784 484 866 785 15.87 954 893 33.76 22,65 21.76 26.93



http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-10-24 ]

[ DOI: 10.66224/yujs.12.2.223]

VFoF oY ol NY Jla  ylw/ b sloying i

Y¥Y

OHan g plesSs alal) nl o el 035 oLS cpl jo
Slew 3l eolanwl aST wsls lis 1S (g, (VeY4)
g ol aue (govie JS& 50 pod o Sl
Lol ools ol Siaile> cge allas sles aisls

Sl Hlead 1 oolawl b Cgllas (glos aials iulsal

& 35 Al
b Lo Sialidl b Siailen ey S ol ot gl
Ol 3ham 5 il Gl syloixe jsboay gl o
Sl 55 g lypd e by las 1) cals sws)
oRlB L Jy sl 650 Al sl p Sl
5 ol plas ) smlBl s, Al gles i as
ol pals gl sles Sl e 5l oolatl
Lol sloyds o 1) csllas (olos odgazme Sy
Rl o g ol Al mln g laydy 4 s
Coe fl sains olis 4S5 ab fen) Olelo ol
G azg boog Gl e p Smln glo)les
Sy 4 5 bt Jages 3 CV RMSE la il
Lelels Jles) 5 slales (readd Sz Joo (n ol
el ol jo o sl Glais 5 eSS sl Juw
g gl p Sasl s Jlewd 5l oolaswl aS™ ols yLis
5352 18,55 0 siwslhe mls 5l 0 8 e O
Fomlie 6550 G5 b ablie Cz jlans ol 5l eolaul
Glolos 5 sl b by aeye ke
a5l s oo 5 55 5 05 loe B sl
Lyt cos LS i 8l g eSss 5

Dgad 2b3l 5 swyp |y ysd i

Ck oy ol HOB 0 Olg 5 (6,108 31 Lo @ Leo
ws E 8b cod |, azmalS al, 5 el
Gl (Vo) ol s v)’l-“’)s-é AR ‘\°)95°)%)
S Slbge o SO o St ) S o o
sopllas poy o Comex iali8l o 1) Al LS
3wl (Gialer by wledee e s59laS
Loy gl pblS 5l 48 aw @5, 5 bl
aS W ,8 astive wd pll (Y2 Q) ol IKas 4 185,08
45 2 lp LS LS 4 axg b Jae el
oo 1 (S p eizen Sl Oglite LS
slales syl cuz b3 d GsewsS) sl
e i 3 i8S oslinal LS Sl 5 Jlus)ls
ST asls 3 CV RMSE 5l Jow op Sewlis
YW Len g las o) wisges eolawl (AICC)
(Y oK o Sl
o551 b Los 4y 255 53 Tty 4y Sl S
s cwl oad pwym (Voo A) oen 5 35,08
5heslatul boass ol plis udss o] 5l eals Jols
&b 4 Sy ol 5l ples G JSE Sipenln
o Ceandlyy Sl pizman 0,5 oss aiile olais
5 $ilsz b slod ugmdes a2y G dgu> S
Glasdlas jo 0l 4 i glod Giulidl o pion
Wiile s le Jow sl eolaiwl b (Y-VFP) 0,5 500
g Lo a4 o8 )& Sl Sl Lo g laSSge
as cab gl il Woges (silw oS |, Sl
il el Saaly ot 5l ooliial b 08wl (slos
Ol S 55, slasdllas ;o (V4 V1) Gl 5 gl pesSes
Sl Hlead 5l eolazul b IS 4l glos aS aisls
b clly iw gl p 6,6 Jy il als
slales a5 sgai Lative Lidgh cpl ;0 sdel Cuvows
s b o Ll Hh i g oolhae il
sled p Sl 556 9 CES 8 0 Sl
Sles 5l eolazwl 5 )lge S Oy by abw g ab

5o LdelS )4 Cgllae (glos asals s o Siasl

baimy Lid A5 W) A el g 6yed i dal s

! Bradford
2 Forcella
% Gossypium spp.


http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-10-24 ]

[ DOI: 10.66224/yujs.12.2.223]

YV 0l 3 LB | LkolS’ jailo o yds Kiar st 5 (59900 loo 33 (i pt

SH olbaNo
oiRe Y Jgel 5l (59
el dan 10l 590 Eaude ol g Blodges cule, oo imgh opl jlisl g pll 3 1) IMS] Jgwol Briue
‘)lf.-\nwv’ “9.; CS)LCJw
csoedlpl Lo janes tbodld oo ¢ condl ol Lo janes> o (LB olj el s ings (5155 s ( LB ol el iaosly Sgle>
G Lojona 5 g e Lo Jlae > (g yan> Sap
Blo o)l
) gdlie o)l Alis oyl QB kbl 5 L
o (ol

03,55 by Lelimlne b o)l o gd clapisu )3 dndg (ouiiS el sbalojle 5l aastie Jlo K8 gun Gimgh o

S35l
Slisgios Ul 53 )5lpnl,d Jblay ¢yl pl bl dnly oMl 3151 oKty cuelyj 09,5 51 a8 Al o p3Y 393 o Baiangs

Aoled (S15)08 ¢ S5 img sy cpl sl Jgb ) (B Sl g

&b
Abbasi Bidli, M., & Abdali Mashhadi, A. (2017). Effect of priming on germination characteristics and

growth of the Vigna radiata (Shushtar ecotype) seeding under salinity stress. Iranian Journal of
Seed Science and Research, 4(1), 75-88. (In Persian) https://doi.org/10.22124/jms.2017.2249

Acosta, J.M., Bentivegna, D.J., Panigo, E.S., Dellaferrera, I., Alisio, M. & Perreta, M.G. (2014).
Influence of environmental factors on seed germination and emergence of Iresine diffusa. Weed
Research, 54, 584-592. https://doi.org/10.1111/wre.12114

Akramghaderi, F., Soltani, A., & Sadeghipour, H.R. (2008). Cardinal temperature of germination in
medicinal pumpkin (Cucurbita pepo L. subsp. pepo. Convar. pepo var. styriaca Greb), borago
(Borago officinalis L.) and black cumin (Nigella sativa L.). Asian Journal of Plant Science, 7,
574-578. https://doi.org/10.3923/ajps.2008.574.578

Alvarado, V., & Bradford, K.J. (2002). A hydrothermal time model explains the cardinal temperature
for seed germination. Plant Cell & Environment, 25, 1061-1069. https://doi.org/10.1046/j.1365-
3040.2002.00894.x

Ansari, O., & Sharif-Zadeh, F. (2012). Does Gibberelic acid (GA), Salicylic acid (SA) and Ascorbic
acid (ASc) improve Mountain Rye (Secale montanum) seeds germination and seedlings growth
under cold stress? International Research Journal of Applied and Basic Sciences, 3(8), 1651-
1657.


https://doi.org/10.22124/jms.2017.2249
https://doi.org/10.1111/wre.12114
https://doi.org/10.3923/ajps.2008.574.578
https://doi.org/10.1046/j.1365-3040.2002.00894.x
https://doi.org/10.1046/j.1365-3040.2002.00894.x
http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-10-24 ]

[ DOI: 10.66224/yujs.12.2.223]

VEoF Y oo VY Jlo | o/ o sloyiiog 3y Y¥Y

Ansari, O., Gherekhloo, J., Ghaderi-Far, F., & Kamkar, B. (2018). Effect of osmotic potential on
germination cardinal temperatures of tall mallow (Malva sylvestris L.). Environmental Stresses in
Crop Sciences, 11(2), 341-352. (In Persian) https://doi.org/10.22077/escs.2017.492.1096

Ansari, O., Gherekhloo, J., Kamkar, B., & Ghaderi-Far, F. (2016). Breaking seed dormancy and
determining cardinal temperatures for Malva sylvestris using nonlinear regression. Seed Science
and Technology, 44(3), 1-14. https://doi.org/10.15258/sst.2016.44.3.05

Ashraf, M., & Foolad, M.R. (2005). Pre-sowing seed treatment- a shotgun approach to improve
germination growth and crop yield under saline and none-saline condition. Advance Agronomy,
88, 223-271. https://doi.org/10.1016/S0065-2113(05)88006-X

Bakhshandeh, E., Pirdashti, H., Vahabinia, F., & Gholamhossieni, M. (2020). Quantification of the
effect of environmental factors on seed germination and seedling growth of Eruca (Eruca sativa)
using mathematical models. Journal of Plant Growth Regulation, 39, 190-204.
https://doi.org/10.1007/s00344-019-09974-1

Bayram, M., Homaee, M., & Mokhtasibidgoli, A. (2021). Quantitative assessment of camelina
(Camelina sativa L.) response to salinity at early growth stage. Iranian Journal of Soil and Water
Research, 52(12), 2985-3000. (In Persian) https://doi.org/10.22059/ijswr.2022.335338.669154

Belmehdi, O., El Harsal, A., Benmoussi, M., Laghmouchi, Y., Senhaji, N.S., & Abrini, J. (2018).
Effect of light, temperature, salt stress and pH on seed germination of medicinal plant Origanum
elongatum (Bonnet) Emb and Maire. Biocatalysis and Agricultural Biotechnology, 16, 126-131.
https://doi.org/10.1016/j.bcab.2018.07.032

Berti, M., Gesch, R., Eynck, C., Anderson, J., & Cermak, S. (2016). Camelina uses, genetics,
genomics, production, and management. Industrial Crops and Production, 94, 690-710.
https://doi.org/10.1016/j.indcrop.2016.09.034

Bradford, K. J. (2002). Application of hydrothermal time to quantifying and modeling seed
germination and dormancy. Weed Science, 50(2), 248-260. https://doi.org/10.1614/0043-
1745(2002)050[0248:AOHTTQ]2.0.CO;2

Buhler, D. D. (2000). Theoretical and practice challenges to an IPM approach to weed management.
Weed Science, 48(3), 274-280.

Chen, C., Bekkerman, A., Afshar, R.K., & Neill, K. (2015). Intensification of dryland cropping
systems for bio-feedstock production: evaluation of agronomic and economic benefits of
Camelina sativa. Industrial Crops and Production, 71, 114-121.
https://doi.org/10.1016/j.indcrop.2015.02.065

Chen, K., & Arora, R. (2013). Priming memory invokes seed stress-tolerance. Environmental and
Experimental Botany, 94, 33-45. https://doi.org/10.1016/j.envexpbot.2012.03.005

Colbach, N., Dirr, C., Roger-Estrade, J., & Caneill, J. (2005). How to model the effects of farming
practices on weed emergence. Weed Research, 45, 2-17. https://doi.org/10.1111/J.1365-
3180.2004.00428.X


https://doi.org/10.22077/escs.2017.492.1096
https://doi.org/10.15258/sst.2016.44.3.05
https://doi.org/10.1016/S0065-2113\(05\)88006-X
https://doi.org/10.1007/s00344-019-09974-1
https://doi.org/10.22059/ijswr.2022.335338.669154
https://doi.org/10.1016/j.bcab.2018.07.032
https://doi.org/10.1016/j.indcrop.2016.09.034
https://doi.org/10.1614/0043-1745\(2002\)050%5b0248:AOHTTQ%5d2.0.CO;2
https://doi.org/10.1614/0043-1745\(2002\)050%5b0248:AOHTTQ%5d2.0.CO;2
https://doi.org/10.1016/j.indcrop.2015.02.065
https://doi.org/10.1016/j.envexpbot.2012.03.005
https://doi.org/10.1111/J.1365-3180.2004.00428.X
https://doi.org/10.1111/J.1365-3180.2004.00428.X
http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-10-24 ]

[ DOI: 10.66224/yujs.12.2.223]

Y¥O 0l 3 LB | LkolS’ jailo o yds Kiar st 5 (59900 loo 33 (i pt

Derakhshan, A., Gherekhloo, J., Vidal, R. B., & De Prado, R. (2013). Quantitative description of the
germination of littleseed canarygrass (Phalaris minor) in response to temperature. Weed Science,
62, 250-257. https://doi.org/10.1614/WS-D-13-00055.1

Dumur, D., Pilbeam, C.J., & Craigon, J. (1990). Use of the weibull function to calculate cardinal
temperatures in faba bean. Journal of Experimental Botany, 41(11), 1423-1430.
https://doi.org/10.1093/jxb/41.11.1423

Forcella, F., Benech Arnold, R. L., & Sanchez, R. (2000). Modelling seedling emergence. Field Crops
Research, 67, 123-139. https://doi.org/10.1016/S0378-4290(00)00088-5

Ghaderi-Far, F., Soltani, A., & Sadeghipour, H. R. (2009). Evaluation of nonlinear regression models
in quantifying germination rate of medicinal pumpkin (Cucurbita pepo L. subsp. pepo. Convar.
pepo var. styriaca Greb), borago (Borago officinalis L.) and black cumin (Nigella sativa L.) to
temperature. Journal of Plant Production, 16(4), 1-9. (In Persian)

Grieve, C.M., Lesch, S., Francois, L.E., & Maas, E.W. (1992). Analysis of main-spike yield
components in salt-stressed wheat. Crop Science, 32, 697-703.
https://doi.org/10.2135/cropsci1992.0011183X003200030025x

Hardegree, S. P. (2006). Predicting germination response to temperature. I. Cardinal-temperature
models and subpopulation-specific regression. Annals of Botany, 97, 1115-1125.
https://doi.org/10.1093/ach/mcl071

Hatfield, J.L., Boote, K.J., Kimball, B., Ziska, L., lzaurralde, R. C., Ort, D., Thomson, A. M., &
Wolfe, D. (2011). Climate impacts on agriculture: Implications for crop production. Agronomy
Journal, 103, 351-370. https://doi.org/10.2134/agronj2010.0303

Heidari, Z., Kamkar, B., & Masoud Sinaki, J. (2014). Determination of cardinal temperatures of Milk
Thistle (Silybum marianum L.) germination. Advances in Plants & Agriculture Research, 1(5), 1-
7. https://doi.org/10.15406/apar.2014.01.00027

Hendawy, S.F., EI-Gohary, A.E., & Hussein, M.S. (2019). Evaluation of camelina (Camelina sativa
L.) productivity grown in different locations under Egyptian conditions. Middle East Journal of
Agriculture Research, 8, 883-888.

Hosseini Sanehkoori, F., Bakhshandeh, E., Pirdashti, H., Abdellaoui, R., Boughalleb, F., &
Gholamhosseini, M. (2023). Quantification of camelina germination niche to combined salinity
and temperature stresses using a halothermal time model. Botany, 101, 88-97.
https://doi.org/10.1139/cjb-2022-0072

Ibrahim, E. A. (2016). Seed priming to alleviate salinity stress in germinating seeds. Journal of Plant
Physiology, 15(192), 38-46. https://doi.org/10.1016/j.jplph.2015.12.011

Kamkar, B., Jami Al-Ahmadi, M., Mahdavi-Damghani, A., & Villalobos, F. J. (2011). Quantification
of the cardinal temperatures and thermal time requirement of opium poppy (Papaver somniferum
L.) seeds germinate using non-linear regression models. Industrial Crops and Products, 35, 192-
198. https://doi.org/10.1016/j.indcrop.2011.06.033


https://doi.org/10.1614/WS-D-13-00055.1
https://doi.org/10.1093/jxb/41.11.1423
https://doi.org/10.1016/S0378-4290\(00\)00088-5
https://doi.org/10.2135/cropsci1992.0011183X003200030025x
https://doi.org/10.1093/aob/mcl071
https://doi.org/10.2134/agronj2010.0303
https://doi.org/10.15406/apar.2014.01.00027
https://doi.org/10.1139/cjb-2022-0072
https://doi.org/10.1016/j.jplph.2015.12.011
https://doi.org/10.1016/j.indcrop.2011.06.033
http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-10-24 ]

[ DOI: 10.66224/yujs.12.2.223]

VEoF Y oo VY Jlo | o/ o sloyiiog 3y Y¥$

Karami, H. (2016). An alternative model to quantifying corn seed germination to temperature and
water potential [Master's thesis, Gorgan University of Agricultural Sciences and Natural
Resources].

Klinska, S., Jasieniecka-Gazarkiewicz, K., & Banas$, A. (2019). Acyl-CoA: lysophosphatidylcholine
acyltransferases (LPCATs) of Camelina sativa seeds: biochemical properties and function.
Planta, 250, 1655-1670. https://doi.org/10.1007/s00425-019-03248-6

Krzyzaniak, M., Stolarski, M. J., Tworkowski, J., Puttick, D., Eynck, C., Zatuski, D., & Kwiatkowski,
J. (2019). Yield and seed composition of 10 spring camelina genotypes cultivated in the temperate
climate of Central Europe. Industrial Crops and Production, 138, 111443
https://doi.org/10.1016/j.indcrop.2019.06.006

Miyashita, H., & Fujita, K. (2019). Improvement of Camelina sativa yield using a plant growth-
promoting  rhizobacterium.  Soil  Science and Plant  Nutrition, 65, 566-5609.
https://doi.org/10.1080/00380768.2019.1673134

Na, G., Aryal, N., Fatihi, A., Kang, J., & Lu, C. (2018). Seed-specific suppression of ADP-glucose
pyrophosphorylase in Camelina sativa increases seed size and weight. Biotechnology for Biofuels,
11, 330. https://doi.org/10.1186/s13068-018-1334-2

Nezafat, M.H., Naderi, R., Taghvaei, M., Edalat, M., Tahmasebi, A., & Egan, T.P. (2025). Modeling
germination dynamics and drought stress tolerance in sorghum genotypes: Role of priming and
hydrotime analysis. Communications in Soil Science and Plant Analysis, 56(16), 2443-2458.
https://doi.org/10.1080/00103624.2025.2514164

Nikoumaram, S., Bayateian, N., & Ansari, O. (2020). Quantification of the priming effect of canola
(Brassica napus cv. Zafar) response to temperature using nonlinear regression models. Iranian
Journal of Seed Research, 6(2), 111-123. (In Persian) http://dx.doi.org/10.29252/yujs.6.2.111

Nonogaki, H., Bassel, G.W. & Bewley, J.D. (2010). Germination-still a mystery. Plant Science,
179(6), 574-581. https://doi.org/10.1016/j.plantsci.2010.02.010

Oliveira, G.M., Silva, F.F.S., Nascimento Araujo, M., Costa, D.C.C., Gomes, S.E.V., Matias, J.R.,
Angelotti, F., Cruz, C.R.P., Seal, C.E., & Dantas, B.F. (2019). Environmental stress, future
climate, and germination of Myracrodruon urundeuva seeds. Journal of Seed Science, 41, 32-43.
https://doi.org/10.1590/2317-1545v41n1191945

Patade, V. Y., Maya, K., & Zakwan, A. (2011). Seed priming mediated germination improvement and
tolerance to subsequent exposure to cold and salt stress in capsicum. Research Journal of Seed
Science, 4(3), 125-136.

Piper, E.L., Boote, K.J., Jones, J.W., & Grimm, S.S. (1996). Comparison of two phenology models for
predicting flowering and maturity date of soybean. Crop Science, 36, 1606-1614.
https://doi.org/10.2135/cropsci1996.0011183X003600060033x

Popa, A.-L., Jurcoane, S., & Dumitriu, B. (2017). Camelina sativa oil-a review. Scientific Bulletin
Series F: Biotechnologies, 21, 233-238.


https://doi.org/10.1007/s00425-019-03248-6
https://doi.org/10.1016/j.indcrop.2019.06.006
https://doi.org/10.1080/00380768.2019.1673134
https://doi.org/10.1186/s13068-018-1334-2
https://doi.org/10.1080/00103624.2025.2514164
http://dx.doi.org/10.29252/yujs.6.2.111
https://doi.org/10.1016/j.plantsci.2010.02.010
https://doi.org/10.1590/2317-1545v41n1191945
https://doi.org/10.2135/cropsci1996.0011183X003600060033x
http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html

[ Downloaded from yujs.yu.ac.ir on 2026-10-24 ]

[ DOI: 10.66224/yujs.12.2.223]

YV 0l 3 LB | LkolS’ jailo o yds Kiar st 5 (59900 loo 33 (i pt

Saha, D., Choyal, P., Nandan, U., Dey, P., Bose, B., Kumar, N., Kumar, B., Kumar, P., Pandey, S.,
Chauhan, J., & Kumar Singhal, R. (2022). Plant Stress in plants. Plant Stress, 4, 100066.
https://doi.org/10.1016/j.stress.2022.100066

Sarv, V., Trass, O., & Diosady, L.L. (2017). Preparation and characterization of Camelina sativa
protein isolates and mucilage. Journal of the American Oil Chemists' Society, 94, 1279-1285.
https://doi.org/10.1007/s11746-017-3031-x

Shafii, B., & Price, W.J. (2001). Estimation of cardinal temperatures in germination data analysis.
Journal of Agricultural, Biological and Environmental Statistics, 6, 356-366.
https://doi.org/10.1198/108571101317096569

Soltani, A., Gholipoor, M., & Zeinali, E. (2006). Seed reserve utilization and seedling growth of wheat
as affected by drought and salinity. Environmental and Experimental Botany, 55, 195-200.
https://doi.org/10.1016/j.envexpbot.2004.10.012

Vaughan, M.M., Block, A., Christensen, S.A., Allen, L.H., & Schmelz, E.A. (2018). The effects of
climate change associated abiotic stresses on maize phytochemical defenses. Photochemistry
Reviews, 17, 37-49. https://doi.org/10.1007/s11101-017-9508-2

Wang, J., Ferrell, J., MacDonald, G., & Sellers, B. (2009). Factors affecting seed germination of
Cadillo (Urena lobata). Weed Science, 57, 31-35. https://doi.org/10.1614/WS-08-092.1

Wei, S., Zhang, C., Li, X., Cui, H., Huang, H., Sui, B., Meng, Q., & Zhang, H. (2009). Factors
affecting Buffalobur (Solanum rostratum) seed germination and seedling emergence. Weed
Science, 57, 521-525. https://doi.org/10.1614/WE-09-054.1

Wu, X., Li, J., Xu, H., & Dong, L. (2015). Factors affecting seed germination and seedling emergence
of Asia Minor bluegrass (Polypogon fugax). Weed Science, 63, 440-447.
https://doi.org/10.1614/WS-D-14-00093.1


https://doi.org/10.1016/j.stress.2022.100066
https://doi.org/10.1007/s11746-017-3031-x
https://doi.org/10.1198/108571101317096569
https://doi.org/10.1016/j.envexpbot.2004.10.012
https://doi.org/10.1007/s11101-017-9508-2
https://doi.org/10.1614/WS-08-092.1
https://doi.org/10.1614/WE-09-054.1
https://doi.org/10.1614/WS-D-14-00093.1
http://dx.doi.org/10.66224/yujs.12.2.223
https://yujs.yu.ac.ir/jisr/article-1-672-en.html
http://www.tcpdf.org

