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Summary: 32 

• Lentil (Lens culinaris Medik.) is cultivated under a wide range of environmental 33 

conditions, which led to diverse phenological adaptations and resulted in a decrease 34 

in genetic variability within breeding programs due to reluctance in using genotypes 35 

from other environments.  36 

• We phenotyped 324 genotypes across nine locations over three years to assess their 37 

phenological response to the environment of major lentil production regions and to 38 

predict days from sowing to flowering (DTF) using a photothermal model.  39 

• DTF was highly influenced by the environment and is sufficient to explain 40 

adaptation. We were able to predict DTF reliably in most environments using a 41 

simple photothermal model, however, in certain site-years, results suggest there may 42 

be additional environmental factors at play. Hierarchical clustering of principal 43 

components revealed the presence of eight groups based on the responses of DTF to 44 

contrasting environments. These groups are associated with the coefficients of the 45 

photothermal model and revealed differences in temperature and photoperiod 46 

sensitivity.  47 

• Expanding genetic diversity is critical to the success of a breeding program; 48 

understanding adaptation will facilitate the use of exotic germplasm. Future climate 49 

change scenarios will result in increase temperature and/or shifts in production areas, 50 

we can use the photothermal model to identify genotypes most likely to succeed in 51 

these new environments. 52 
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Introduction: 58 

Lentil is a globally important pulse crop, recognized as part of the solution to combating 59 

global food and nutritional insecurity as it is a good source of dietary fibre, protein, B vitamins, 60 

and minerals, and has low levels of sodium, cholesterol, fat and calories (Bhatty, 1988). Lentils 61 

are also quick cooking relative to most other pulses, making them particularly important in 62 

regions where cooking fuel is limited. Lentils are currently being grown in more than 50 63 

countries around the world (FAO, 2019), but were first domesticated in the Fertile Crescent 64 

(Zohary, 1972; Ladizinsky, 1979; Alo et al., 2011) during the Neolithic period and subsequently 65 

spread into Europe, Africa and South Asia (Sonnante et al., 2009). The first comprehensive 66 

assessment of variation in cultivated lentil was performed by Barulina (1930), who classified 67 

lentils into two subspecies based on their morphology and geographic area: the large seeded 68 

macrosperma and the small seeded microsperma, which was further subdivided into six narrower 69 

geographical groups. In a similar assessment by Erskine et al. (1989), time to maturity was the 70 

most important character for classification, suggesting that ecological conditions have driven 71 

evolution and adaptation in cultivated lentils; a trend which has also been observed in wild Lens 72 

species (Ferguson & Robertson, 1999). In their study, lentil genotypes were subdivided into three 73 

main groups: a Levantine group (Egypt, Jordan, Lebanon and Syria), a more northern group 74 

(Greece, Iran, Turkey and the USSR), and a group consisting of Indian and Ethiopian genotypes. 75 

Later, Khazaei et al. (2016) used genome-wide single nucleotide polymorphisms to categorize 76 

lentil genotypes into three major groups, reflecting their geographic origin and corresponding to 77 

the three major lentil growing macro-environments: subtropical savannah (South Asia), 78 

Mediterranean, and northern temperate. In temperate environments, lentils are grown in the 79 

summer, characterized by warm temperatures and long days. In Mediterranean environments, 80 

lentils are generally seeded in winter, and emerge into cool temperatures and short days, with 81 

significant warming and lengthening of the day after the spring equinox. In South Asian 82 

environments, lentils are also seeded in winter, when there is a good amount of residual soil 83 

moisture, but emerge into relatively warm temperatures and short days. Under these subtropical 84 

savannah growing conditions, terminal drought often leads to forced maturity and lower yield, a 85 

limitation that breeding programs in this region have to overcome (Kumar et al., 2012, 2016a).  86 

Although lentil is grown in diverse environments, there is a narrow genetic diversity 87 

within South Asian and Canadian genotypes because breeding programs in these regions are 88 
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reluctant to use unadapted germplasm from the other environment (Khazaei et al., 2016). In 89 

addition, adaptation requirements can lead to founder effects and create strong genetic 90 

bottlenecks. The dissemination of lentil into South Asia may have involved introgression with a 91 

wild lentil (Lens orientalis) harboring recessive alleles for earliness that were cyclically 92 

recombined and selected (Erskine et al., 2011). In Canada, most of the registered varieties are 93 

related to the first two cultivars that founded Canadian production: ‘Laird’ (Slinkard & Bhatty, 94 

1979) and ‘Eston’ (Slinkard, 1981). Increasing the genetic diversity of a crop is essential to 95 

maintain continued yield gains and is a major focus of many plant breeding programs. As such, 96 

an understanding of the adaptation constraints of diverse lentil genotypes in differing 97 

environments is needed to assist breeders in the expansion of the genetic diversity through the 98 

introduction of exotic germplasm. 99 

Phenology, the influence of the environment on ontogeny, is considered the most 100 

important factor influencing adaptation in lentil, by matching developmental stages with the 101 

available resources and limitations of a particular environment. Saint-Clair (1972) was the first to 102 

demonstrate variation in response to photoperiod between two lentil genotypes, with one 103 

showing characteristics of a long day plant, sensitive to changes in photoperiod and not 104 

flowering under photoperiods of 14 hours or less, while the other was almost day neutral, 105 

flowering under a wide range of photoperiods with less variation than the former. Further studies 106 

on photoperiod response in lentil showed that genotypes originating from subtropical regions 107 

flowered earliest and were least sensitive to changing photoperiod, suggesting that differences in 108 

photoperiod sensitivity may be a component of adaptation to contrasting geographic regions 109 

(Summerfield et al., 1984). Using factorial combinations of varying photoperiods and 110 

temperatures, (Summerfield et al., 1985) described the rate of progress towards flowering (1/𝑓) 111 

for six genotypes as a linear function of temperature and photoperiod with the following two 112 

equations:  113 

 !
"
= 𝑎 + 𝑏𝑇 + 𝑐𝑃 (1) 114 

 !
"
= 𝑎 + 𝑏𝑇 + 𝑐𝑃 + 𝑑𝑇𝑃 (2) 115 

Where 𝑓 is the time from sowing to flowering (i.e., DTF), T and P are the mean temperature and 116 

photoperiod experienced during that time period, respectively, and a, b, c and d are genotypic 117 

constants. Of the six genotypes originally tested, only two had statistically significant interaction 118 
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terms, and there was little improvement for predicting DTF with equation 2, thus, equation 1 was 119 

used going forward.  120 

This simplified model, summarised by Lawn et al. (1995) and Summerfield et al. (1991, 1997) 121 

has also been used with pea (Pisum sativum L.; Alcalde et al., 2000), chickpea (Cicer arietinum 122 

L.; Roberts et al., 1985; Ellis et al., 1994b), rice (Oryza sativa; Summerfield et al., 1992), 123 

soybean (Glycine max L.; Summerfield et al., 1993; Upadhyay et al., 1994), cowpea (Vigna 124 

unguiculata L., Walp.; Ellis et al., 1994a), mung bean (Vigna spp.; Ellis et al., 1994c) and faba 125 

bean (Vicia faba L.; Catt & Paull, 2017; Lizarazo et al., 2017); and has potential utility for 126 

predicting days from sowing to flowering and quantifying temperature and photoperiod 127 

sensitivity, which could assist breeders in identifying genotypes adapted to a specific 128 

environment. In addition, equation 1 can be modified to estimate the ‘nominal base temperature’ 129 

(Tb) and ‘nominal base photoperiod’ (Pc): 130 

 T# =	−(a	 + 	cP)	/	b (3) 131 

 P$ 	= 	−(a	 + bT)	/	c (4) 132 

With estimates of Tb and Pc, the thermal sum (Tf) and photoperiodic sum (Pf) required for 133 

flowering can be calculated and/or estimated using the following equations (see Roberts et al., 134 

1986):  135 

 T% 	= ∑ (T& − T#)%
&	(	! 	= 	1	/	b (5) 136 

 P% = ∑ (P& − P$)%
&	(	! 	= 	1	/	c (6) 137 

Where i is the ith day from sowing, Ti is the mean temperature for that day and Pi is the 138 

photoperiod on that day.   139 

When the model described by equation 1 was evaluated on a larger set of 231 lentil 140 

genotypes grown in a greenhouse under various temperature and photoperiod combinations, it 141 

showed a high goodness-of-fit (R2 = 0.852; Erskine et al., 1990). When field tested on 369 142 

genotypes grown in multiple environments in Syria and Pakistan, the model was able to 143 

sufficiently predict DTF in field conditions (R2 = 0.903; Erskine et al., 1994), suggestive of its 144 

potential utility to lentil breeders. It remains unclear, however, if the model will hold up across 145 

more diverse growing environments, representative of the range of lentil cultivation. 146 

Climate change and its potential impacts on crop production are a growing concern for 147 

plant breeders and producers (Ceccarelli et al., 2010). Temperatures are predicted to increase by 148 

at least 1.5oC in Canada (Bush et al., 2019), South Asia (Mani et al., 2018), and the 149 
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Mediterranean (Saadi et al., 2015). Increases in temperature are expected to cause a decrease in 150 

DTF, up until the top end of the optimal temperature range, after which further increases will 151 

delay flowering (Summerfield et al., 1991). Additionally, supraoptimal temperatures can also 152 

decrease yield related traits such as the duration of the reproductive period and plant height 153 

(Summerfield et al., 1989) and cause flower and/or pod abortion (Kumar et al., 2016b). Another 154 

predicted scenario is a shift in production regions (e.g., northward) in order to maintain similar 155 

temperatures during the growing season, which can change the mean daylength experienced. As 156 

such, a phenological model to predict DTF using temperature and photoperiod may prove to be a 157 

valuable tool for addressing future climate change scenarios. The objectives of this study were to 158 

assess the variation within a diverse collection of lentil germplasm for phenological 159 

characteristics across multiple environments (representative of major lentil production areas) to 160 

identify temperature and photoperiod responses and test the efficacy of a previously described 161 

photothermal model. 162 

  163 

Materials and Methods: 164 

Field experiments and phenotyping 165 

A lentil (Lens culinaris Medik.) diversity panel, consisting of three hundred twenty-four 166 

lentil genotypes, obtained from the gene banks of the International Center for Agricultural 167 

Research in the Dry Areas (ICARDA), United States Department of Agriculture (USDA), Plant 168 

Gene Resources of Canada (PGRC), as well as cultivars developed at the Crop Development 169 

Centre, University of Saskatchewan, Canada (Supporting Information Table S1) were evaluated 170 

from 2016 to 2018 at nine locations (18 site-years total) representing the three major lentil 171 

growing macro-environments (Fig. 1; Supporting Information Table S2). The field trials were 172 

arranged in a randomized lattice square (18 X 18) experimental design with three replications in 173 

each site-year. Prior to field trials, 1-2 plants of each genotype were grown in the greenhouse in 174 

single pots to produce seed and reduce heterogeneity within genotypes. As such, we have added 175 

the suffix ‘AGL’ in Supporting Information Table S1 and in the gene bank submissions to 176 

indicate these genotypes are derived from this study but will drop this suffix for simplicity in the 177 

rest of this paper.  178 

Days from sowing to: emergence (DTE), flowering (DTF), swollen pods (DTS) and 179 

maturity (DTM), were recorded on a plot basis when 10% of the plants had emerged, one open 180 
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flower, one swollen pod, and 50% dry pods, respectively. Vegetative period (VEG) and 181 

reproductive period (REP) were recorded as the number of days from DTE to DTF and from 182 

DTF to DTM, respectively. Temperature data were gathered from on-farm meteorological 183 

stations and/or in-field data loggers and mean daily temperatures were used for the analysis. 184 

Photoperiod data were extracted using the ‘daylength’ function in the ‘insol’ package in R 185 

(Corripio, 2019) by providing: latitude, longitude, specific day and time zone. Hours from 186 

sunrise to sunset were used as the photoperiod value. 187 

Data analysis 188 

All statistical analyses were performed in R 3.6.0 software (R Core Team, 2019). Linear 189 

regression modeling was performed using the ‘lm’ function. For regression analysis, genotypes 190 

which did not flower in any replicate in a specific site-year were given values equal to the 191 

maximum DTF for that site-year. Principal component analysis (PCA) and hierarchical k-means 192 

clustering were performed using the ‘FactoMineR’ R package (Lê et al., 2008). For PCA, DTF 193 

data from all site-years were transformed to a scale of 1-5, with any genotypes which did not 194 

flower getting a value of 5 (Supporting Information Fig. S1). Data wrangling and visualization 195 

was done using R packages: ‘ggally’ (Schloerke et al., 2019), ‘ggbeeswarm’ (Clarke and 196 

Sherrill-Mix, 2017), ‘ggpubr’ (Kassambara, 2020), ‘ggrepel’ (Slowikowski, 2019), ‘magick’ 197 

(Ooms, 2018), ‘plot3D’ (Soetaert, 2017), ‘plyr’ (Wickham, 2011), ‘Rworldmap’ (South, 2011), 198 

‘scales’ (Wickham, 2019), ‘shiny’ (Chang et al., 2019) and ‘tidyverse’ (Wickham, 2017). The 199 

source code for all data analysis are available on: 200 

https://derekmichaelwright.github.io/AGILE_LDP_Phenology/Phenology_Vignette.html  201 

 202 

Results and Discussion: 203 

Genotypic responses to the growing environment vary tremendously for phenological traits  204 

Temperatures and daylength were considerably different among macro-environments at 205 

different phenological stages (Fig. 2a; Supporting Information Table S2). Temperate locations, 206 

seeded in the spring, were characterised by long days, ranging from 12.7 to 16.6 hours and mean 207 

daily temperatures within the optimum range (15 to 25°C) for lentil growth and development 208 

(Rahman et al., 2009). In the South Asian locations, day lengths were short, ranging from 10.2 to 209 

12.9 hours, with mean daily temperatures exceeding 25°C towards the end of the growing 210 

season. In this region, lentils are typically seeded after the rice harvest in early winter and require 211 
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quick maturity to avoid terminal drought in the spring (Sarker & Erskine, 2006). In 212 

Mediterranean locations, experiments were also seeded in early winter when the days were short 213 

to start but gradually lengthened throughout the growing season, ranging from 9.1 to 14.9 hours. 214 

Mean daily temperatures in the Mediterranean region were low at the start of the season and 215 

generally remained under 15°C for the first 100 days. Following the spring equinox, 216 

temperatures rose to more ideal conditions for growth of lentil. 217 

The phenological periods were strongly influenced by the location of the field trial (Fig. 218 

2b,c). More variation was noticed in winter growing locations than in the summer growing 219 

locations. In addition, large variations existed between winter growing macro-environments (i.e., 220 

South Asia vs. Mediterranean) and within South Asia (e.g., Bhopal, India vs. Bardiya, Nepal). 221 

Genotypes were quickest to flower and mature in temperate site-years, attributable to the 222 

relatively long days and high temperatures which do not restrict or delay development. Earlier 223 

flowering of lentil in long days and warm temperatures has also been reported by (Summerfield 224 

et al., 1985). In South Asian locations, the short days delayed flowering, and the high 225 

temperatures at the end of the season cut short the development of some genotypes. For example, 226 

only 49% of genotypes flowered and only 10% produced mature seed in Bhopal, India in 2016, 227 

and 66% and 18%, respectively, in 2017 (Supporting Information Fig. S2), illustrating the strong 228 

adaptation requirement and hurdle to introducing new germplasm in this region. Studies in pea 229 

(Berry & Aitken, 1979), chickpea (Daba et al., 2016) and faba bean (Catt & Paull, 2017), have 230 

also reported delayed flowering under short days and warm temperatures. In the Mediterranean 231 

locations, cooler temperatures, combined with the short days during the early part of the growing 232 

season, delayed phenological development. Low temperatures have been shown to extend the 233 

vegetative period and delay flowering in lentils (Summerfield et al., 1985). In contrast to the 234 

vegetative period, reproductive periods were relatively consistent across all locations (Fig. 2c), 235 

suggesting that it is the vegetative and not the reproductive period driving adaptation in lentil. 236 

Additionally, strong correlations between DTF and DTS and DTM (Supporting Information Fig. 237 

S3), indicate that DTF can be used as a primary factor when considering adaptation. 238 

 239 

Genotypes separate into distinct groups based on DTF response across multiple environments 240 

The PCA of scaled DTF data across all environments explained 68.3, 14.3 and 7.1 % of 241 

the variation in DTF in the first three principal components (Fig. 3a). Eight k-means were chosen 242 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 18, 2020. ; https://doi.org/10.1101/2020.07.18.207761doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.18.207761
http://creativecommons.org/licenses/by-nc/4.0/


9 
 

for hierarchical clustering, which separate with little overlap when plotted against the first three 243 

principal components. Three of these cluster groups (1, 3, 8) showed some consistency in 244 

flowering - always relatively early, medium or late, respectively, regardless of the environment 245 

(Fig. 3b). The other five groups had varying interactions with the growing environment. 246 

Genotypes from clusters 1 and 2 tended to originate in South Asian environments (Fig. 3c), and 247 

always flowered early, although for cluster 2 genotypes, flowering was delayed in South Asian 248 

and Mediterranean locations relative to those from cluster 1 (Fig. 3b). Genotypes from clusters 4, 249 

5 and 6 mostly originated from Western Asia and are likely adapted to the various growing 250 

conditions that exist within the region, and even within countries. For example, in the Central 251 

Anatolia region of Turkey, lentils are sown in the spring, unlike the other major production areas 252 

in the southeast, where they are sown in late autumn (Açìkgöz et al., 1994). All three groups 253 

were early-medium flowering in temperate environments, however, cluster 4 was less delayed 254 

than cluster 5 in South Asian locations and vice versa in Mediterranean locations. Cluster 6 was 255 

delayed in both. Clusters 3, 7 and 8 are dominated by genotypes originating from temperate 256 

environments and were medium-late flowering, regardless of the environment. 257 

 258 

DTF can be modeled using mean temperature and photoperiod 259 

The linear, additive model of mean temperature and photoperiod (equation 1) described 260 

the rate of progress towards flowering much better than temperature or photoperiod alone 261 

(Supporting Information Fig. S4a-c) and had a high goodness-of-fit (R2 = 0.886), with 262 

predictions nearly identical to those produced by equation 2, which has the added interaction 263 

term (Supporting Information Fig. S5). Using equation 2, only 31 of the 324 genotypes had a 264 

significant interaction term (Supporting Information Table S3) and, as was observed by 265 

Summerfield et al. (1985), this did not improve predictions of DTF enough to justify the use of 266 

equation 2 over equation 1. Similar results were obtained in other studies when testing the model 267 

described by equation 1 on a diverse set of lentil genotypes grown in the greenhouse (R2 = 0.852; 268 

Erskine et al., 1990), and in field locations in Syria and Pakistan (R2 = 0.903; Erskine et al., 269 

1994). However, in order for this model to have practical value for plant breeders it needs to give 270 

accurate predictions for locations not used to develop the model, which could allow for a more 271 

cost effective screening of new germplasm. Fig. 4 shows the predictive capability of the model 272 

for individual site-years after removing all data from that location from the model. For temperate 273 
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and Mediterranean locations, the model performed adequately; however, in South Asian 274 

locations, DTF was drastically underestimated in Bardiya, Nepal and overestimated in Bhopal, 275 

India. These inaccurate predictions suggest that additional factors, besides T and P, are 276 

influencing DTF at these sites and that T and P alone may not be sufficient for accurate 277 

prediction of DTF. For example, low light quality (Mobini et al., 2016; Yuan et al., 2017) or 278 

water stress (Gorim & Vandenberg, 2017) can accelerate flowering, while supraoptimal 279 

temperatures will delay and/or prevent flowering (Saint-Clair, 1972; Summerfield et al., 1991). 280 

Lizarazo et al. (2017) were able to improve their DTF predictions in faba bean with the inclusion 281 

of solar radiation and water deficit measures to the photothermal model. In Metaponto, Italy 282 

2017, 126 of the 181 days of the field trial had a daily mean temperature below 15°C and 283 

experienced mean temperatures of less than 5°C on the 90-93rd and 115th day after sowing (Fig. 284 

2c), which could have delayed flowering in most genotypes, resulting in under prediction by the 285 

model. In the initial evaluation of the model by Summerfield et al. (1985), vernalization of the 286 

seed was shown to have a significant impact on flowering and changed the values of the a, b, and 287 

c constants. (Roberts et al., 1986) also demonstrated the existence of a pre-inductive phase, 288 

ranging from 5-16 days among lentil genotypes, and post-inductive phase, ranging from 7-20 289 

days, prior to flowering, which are insensitive to photoperiod. These are not accounted for in the 290 

model. In a follow up study by Roberts et al., (1988), these omissions from the model were 291 

deemed to be minimal and differences in the calculated coefficients from different experiments 292 

for the same genotype were considered to be of greater concern. The constants calculated in our 293 

study (Supporting Information Table S3) do vary from those generated for the same genotypes 294 

used in previous studies (Summerfield et al., 1985; Roberts et al., 1988) (Supporting Information 295 

Fig. S6). Relatively high levels of heterogeneity within seed stocks and/or sources of the 296 

genotypes could be one explanation, however, differences in the test environments can also 297 

affect the a, b, and c constants determined by the model. 298 

One major limitation of the model is the need for multi-environment field and/or 299 

greenhouse testing, under contrasting temperatures and photoperiods. This is expensive and time 300 

consuming, therefore, it is essential to know how well the model will perform, across all 301 

environments, when using just one site-year from each macro-environment to train the model. 302 

We found that careful selection of test environments was required to get accurate predictions of 303 

DTF, with R2 ranging from 0.47-0.86 (Supporting Information Table S4), however, it was 304 
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possible to get adequately accurate predictions of DTF with just three site-years, one from each 305 

macro-environment, along with similar a, b, and c constants compared to when data from all 306 

environments were used (Supporting Information Fig. S7 and S8). 307 

 308 

Temperature and photoperiod sensitivities are variable across genotypes 309 

The genotype specific constants b and c, calculated using equation 1, can be used to 310 

assess relative temperature and photoperiod sensitivity, respectively. Fig. 5a shows the 311 

distribution of these constants among the eight cluster groups. Genotypes from cluster 1 were 312 

characterized by having high b constants and low c constants, or high temperature sensitivity and 313 

low photoperiod sensitivity. Of particular interest are two genotypes from this cluster, ILL 7663 314 

and ILL 5888, which have been specifically bred for early flowering (Sarker et al., 1999; Kumar 315 

et al., 2014) and have abnormally high temperature sensitivity and photoperiod insensitivity, 316 

demonstrating the efforts by breeders to expand and create novel genetic diversity. Early 317 

flowering, photoperiod insensitive genotypes have also been observed in pea (Berry & Aitken, 318 

1979), chickpea (Roberts et al., 1985), and faba bean (Catt & Paull, 2017). Compared to cluster 319 

1, genotypes in cluster 2 had a lower temperature sensitivity and higher photoperiod sensitivity, 320 

resulting in their delayed flowering in South Asian and Mediterranean locations, relative to 321 

cluster 1 (Fig. 3b). Photoperiod sensitivity was lowest in clusters 1, 3 and 8, which were 322 

consistently, relatively early, medium or late flowering in all locations, respectively. Clusters 4 323 

and 5 shared similar photoperiod sensitivities, however, genotypes from cluster 5 had lower 324 

temperature sensitivities, which could explain their contrasting responses in South Asian and 325 

Mediterranean locations. On the other hand, Clusters 6, 7 and 8 had similar temperature 326 

sensitivities, but decreasing photoperiod sensitivities, respectively, which may help explain their 327 

difference in DTF in temperate locations, but similar late flowering tendency in South Asian and 328 

Mediterranean locations. Using this knowledge, it is possible for breeders to identify genotypes 329 

potentially adapted to their specific environment based on appropriate DTF and desired 330 

temperature and photoperiod sensitivity. 331 

The dissemination of lentil from its center of origin in the Fertile Crescent, has been 332 

accompanied by selection for decreased photoperiod sensitivity and an increase in temperature 333 

sensitivity (Erskine et al., 1994). This is confirmed by our results, which includes an expanded 334 

representation of temperate and European genotypes. Here we show decreasing c constants 335 
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(photoperiod sensitivity) and increasing b constants (temperature sensitivity) outside of the 336 

center of origin (Fig. 6). In addition, early flowering has been selected for in the genotypes 337 

associated with the Indo-Gangetic Plain and late flowering in those from the spring sown and 338 

temperate regions. However, unlike what was suggested by Erskine et al. (1990, 1994), the a 339 

constant does not appear to be an approximate guide for earliness, and both early and late 340 

flowering genotypes coinciding with an increase in a (Fig. 5a). As such, it remains unclear what 341 

the proper interpretation of the a constant should be.  342 

 343 

Base temperature and critical photoperiod are not what they seem 344 

Using equations 3 and 4, Tb and Pc can be estimated for each genotype based on the P or 345 

T of a given environment, respectively (Fig. 5b,c). Apart from a few genotypes, which can be 346 

described as photoperiod insensitive (i.e., ILL 7663 and ILL 5888), the Pc ranged from 347 

approximately 0 to 8 hours, similar to the range reported by (Roberts et al., 1986). On the other 348 

hand, Tb ranged from approximately 0 to -100°C, was strongly influenced by photoperiod and, as 349 

also concluded by (Summerfield et al., 1985), is not physiologically meaningful. Typically, Tf is 350 

calculated using a Tb of zero, or with an estimated or experimentally determined value 351 

representing the temperature at or below which no progress towards flowering will occur. For 352 

example, McKenzie & Hill (1989) used a Tb of 2°C to calculate Tf, and base temperatures of 353 

1.5°C (Ellis & Barrett, 1994) and 2.5°C (Covell et al., 1986) have been experimentally 354 

determined for the germination of two lentil genotypes. However, when the Tb values, calculated 355 

with equation 3, were used to calculate Tf, with equation 5, the results are consistent across 356 

environments, unlike when 0°C or 5°C is used for Tb (Supporting Information Fig. S9), and in 357 

some cases was able to predict flowering time more accurately than with equation 1 (Supporting 358 

Information Fig. S10), e.g., Metaponto, Italy 2017. Similarly, Pf was best when Pc was calculated 359 

using equation 6, compared to a predefined value such as 0h or 5h (Supporting Information Fig. 360 

S9), and in some cases, was also able to more accurately predict DTF than with equation 1 361 

(Supporting Information Fig. S11). Our results indicate that while Tb and Pc do not reflect their 362 

traditional definitions, i.e., the minimal temperature and photoperiod at or below which no 363 

progress towards flowering will occur, they are useful for predicting DTF and calculating Tf and 364 

Pf across environments. 365 

Potential impacts of climate change 366 
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Using equation 1, we can predict the decrease in DTF that would result from a 1.5°C and 367 

0.1h increase above the current T and P, respectively. There is considerable variation in the 368 

response to increased T or P exhibited by lentil genotypes (Fig. 7), which could be exploited by 369 

breeders attempting to mitigate the effects of climate change by identifying genotypes with 370 

increased/decreased temperature or photoperiod sensitivities. Under this model, lentils in the 371 

winter-sown Mediterranean locations experiencing a 1.5°C increase in T will see a much greater 372 

decrease in DTF (2.5-18.1 days) than they will in temperate (0.5-4.5 days) or South Asian (2.3-373 

6.0 days) locations. However, this does not consider the effect of supraoptimal temperatures, 374 

which would delay flowering or decrease water availability, making these predictions for the 375 

South Asian locations somewhat unreliable. In this region, the aim would be to continue to 376 

develop short duration varieties which can avoid the increased heat and drought stress predicted 377 

for the future (Kumar et al., 2012, 2016a). A more likely situation for South Asia will be a shift 378 

in production regions northward to cooler regions, which will increase P. Under a 0.1h increase 379 

in P, Mediterranean locations can expect the largest decrease in DTF (0.6-5.4 days) followed by 380 

South Asia (0.1-2.8) and temperate locations (0.1-0.9 days). 381 

 382 

Conclusion: 383 

In lentil, DTF can be used to adequately assess adaptation to a specific environment. The 384 

diversity of environmental conditions among the regions where lentils have been cultivated has 385 

led to the selection of a variety of responses of DTF to temperature and photoperiod, which we 386 

classified into eight groups based on hierarchical clustering of principal components. The 387 

photothermal model, described by equation 1, was generally able to predict DTF in specific 388 

environments using only T and P, although some degree of caution is warranted. In addition, the 389 

variation in response of DTF to increased temperatures or photoperiod that may be associated 390 

with climate change could be useful to breeders looking to mitigate its effects, which will be 391 

most drastic in the Mediterranean region. The results from our study can be exploited by 392 

breeders looking to expand the genetic diversity within their breeding program, through the 393 

identification of genotypes with appropriate flowering time by predicting DTF in a specific 394 

environment, and/or by identifying genotypes with increased or decreased temperature or 395 

photoperiod sensitivity.  396 

 397 
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Figure Legends: 615 

Fig 1: Growing Environments. (a) Locations of field trials conducted in the summer and winter 616 

of 2016, 2017 and 2018, along with (b) mean temperature and photoperiod of each field trial: 617 

Rosthern, Canada 2016 and 2017 (Ro16, Ro17), Sutherland, Canada 2016, 2017 and 2018 (Su16, 618 

Su17, Su18), Central Ferry, USA 2018 (Us18), Metaponto, Italy 2016 and 2017 (It16, It17), 619 

Marchouch, Morocco 2016 and 2017 (Mo16, Mo17), Cordoba, Spain 2016 and 2017 (Sp16, 620 

Sp17), Bhopal, India 2016 and 2017 (In16, In17), Jessore, Bangladesh 2016 and 2017 (Ba16, 621 

Ba17), Bardiya, Nepal 2016 and 2017 (Ne16, Ne17). 622 

Fig. 2: Variations in temperature, day length and phenological traits across contrasting 623 

environment for a lentil (Lens culinaris Medik.) diversity panel. (a) Daily mean temperature (red 624 

line) and day length (blue line) from seeding to full maturity of all genotypes. The shaded ribbon 625 

represents the daily minimum and maximum temperature. The shaded area between the vertical 626 

bars corresponds to the windows of flowering. (b) Distribution of mean days from sowing to: 627 

flowering (DTF), swollen pods (DTS) and maturity (DTM), and (c) vegetative (VEG) and 628 

reproductive periods (REP) of 324 genotypes across 18 site-years. Rosthern, Canada 2016 and 629 

2017 (Ro16, Ro17), Sutherland, Canada 2016, 2017 and 2018 (Su16, Su17, Su18), Central Ferry, 630 

USA 2018 (Us18), Metaponto, Italy 2016 and 2017 (It16, It17), Marchouch, Morocco 2016 and 631 

2017 (Mo16, Mo17), Cordoba, Spain 2016 and 2017 (Sp16, Sp17), Bhopal, India 2016 and 2017 632 

(In16, In17), Jessore, Bangladesh 2016 and 2017 (Ba16, Ba17), Bardiya, Nepal 2016 and 2017 633 

(Ne16, Ne17).  634 

Fig. 3: Clustering of a lentil (Lens culinaris Medik.) diversity panel based days from sowing to 635 

flower (DTF). (a) Principal Component Analysis on DTF, scaled from 1-5, and hierarchical k-636 

means clustering into eight groups. (b) Mean scaled DTF (1-5) for each cluster group across all 637 

field trials: Rosthern, Canada 2016 and 2017 (Ro16, Ro17), Sutherland, Canada 2016, 2017 and 638 

2018 (Su16, Su17, Su18), Central Ferry, USA 2018 (Us18), Metaponto, Italy 2016 and 2017 639 

(It16, It17), Marchouch, Morocco 2016 and 2017 (Mo16, Mo17), Cordoba, Spain 2016 and 2017 640 

(Sp16, Sp17), Bhopal, India 2016 and 2017 (In16, In17), Jessore, Bangladesh 2016 and 2017 641 

(Ba16, Ba17), Bardiya, Nepal 2016 and 2017 (Ne16, Ne17). Shaded areas represent one standard 642 

deviation from the mean. Dashed, vertical bars separate temperate, South Asian and 643 

Mediterranean macro-environments. (c) Composition of cluster groups in genotypes by country 644 

of origin. Pie size is relative to the number of genotypes originating from that country. 645 
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Fig. 4: Comparison of observed and predicted values for days from sowing to flowering (DTF) 646 

for a lentil (Lens culinaris Medik.) diversity panel calculated using equation 1. For each site-647 

year, the model was retrained after removing all observations from that location, regardless of 648 

year before predicting results from that location. R2 = coefficient of determination, RMSE = 649 

root-mean-square error. 650 

Fig. 5: Photothermal constants along with nominal base temperatures and photoperiods for a 651 

lentil (Lens culinaris Medik.) diversity panel. (a) Distribution of a, b and c constants calculated 652 

from equation 1 among cluster groups. Estimates of: (b) nominal base temperature (Tb), and (c) 653 

nominal base photoperiod (Pc) based on equations 2 and 3, respectively, using the mean 654 

temperature (T) and photoperiod (P) from Sutherland, Canada 2017, Jessore, Bangladesh 2017 655 

and Metaponto, Italy 2017.  656 

Fig. 6: Photothermal responses of lentil (Lens culinaris Medik.) adapted to regions outside the 657 

center of origin. (a) Comparison of days from sowing to flowering in Sutherland, Canada 2017 658 

and the genotype constant a (x 104) derived from equation 1. (b) Comparison of temperature 659 

response (b x 104) and photoperiod response (c x 104) derived from equation 1. Polygons 660 

represent the variation inherent in the region where the crop was domesticated. 661 

Fig. 7: Predicted decrease in days from sowing to flowering for a lentil (Lens culinaris Medik.) 662 

diversity panel based on a mean temperature (T) or photoperiod (P) increases of 1.5oC or 0.1h 663 

using equation 1 in the selected locations: Rosthern, Canada 2017 (Ro17), Sutherland, Canada 664 

2017 (Su17), Central Ferry, USA 2018 (Us18), Bhopal, India 2017 (In17), Jessore, Bangladesh 665 

2017 (Ba17), Bardiya, Nepal 2017 (Ne17), Marchouch, Morocco 2017 (Mo17), Cordoba, Spain 666 

2017 (Sp17) and Metaponto, Italy 2017 (It17).  667 

 668 
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Supporting Information: 677 

Table S1: Details of the genotypes used. 678 

Table S2: Details of the field trials. 679 

Table S3: Values of the constants derived from equations 1 and 2. 680 

Table S4: Possible site year combinations to train the model along with the number of genotypes 681 

which flowered in all three site-years. 682 

Fig. S1: Distribution of days from sowing to flowering (DTF) for raw and scaled data (1-5) 683 

across all site-years. 684 

Fig. S2: Percentage of lentil genotypes reaching key phenological time points in South Asian 685 

locations.  686 

Fig. S3: Correlations between days from sowing to- flowering (DTF), swollen pod (DTS) and 687 

maturity (DTM), in temperate, South Asian, and Mediterranean locations. 688 

Fig. S4: Effects of mean temperature and photoperiod on the rate of progress towards flowering 689 

(1 / DTF) in three contrasting selected genotypes along with comparisons of scaled days from 690 

sowing to flowering (DTF), in three contrasting genotypes.  691 

Fig. S5: Comparison of observed and predicted values for days from sowing to flowering (DTF) 692 

using (a) equation 1 and (b) equation 2. 693 

Fig. S6: Comparison of a, b, and c constants calculated using all site-years and the three best, 694 

and three worst site-years for predicting days from sowing to flowering (DTF) from previous 695 

studies among 4 selected genotypes. 696 

Fig. S7: Comparison of observed and predicted values for days from sowing to flowering (DTF), 697 

calculated using equation 1 with three best and three worst site-year combinations. 698 

Fig. S8: Comparison of all a, b, and c constants calculated using equation 1 for using all site-699 

years, along with the three best and three worst site-year combinations for predicting days from 700 

sowing to flowering (DTF). 701 

Fig. S9: Thermal sum (Tf) and Photoperiodic sum required for flowering (Pf) using different base 702 

temperatures (Tb) and critical photoperiods (Pc). 703 

Fig. S10: Comparison of observed vs. predicted values for thermal sum (Tf) required for 704 

flowering and days from sowing to flowering (DTF) calculated using equation 5. 705 

Fig. S11: Comparison of observed vs predicted values for photoperiodic sum (Pf) required for 706 

flowering and days from sowing to flowering (DTF) calculated using equation 6. 707 
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