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Abstract
The capture of incoming solar radiation under unlimited light, water, and nutrient conditions by plant canopies and convert-
ing it into biomass has been described as radiation use efficiency (RUE). RUE has been computed as a function of biomass 
accumulation and intercepted photosynthetically active radiation without considering the loss of photoassimilates due to 
respiratory processes. This study evaluated the RUE in diploid potato crop (Solanum phureja Juz. et Buk.) across six experi-
ments in Colombia. Total biomass was measured during the crop season from the early vegetative stage through maturity. 
However, this proposal involves not only the total biomass accumulated concerning the amount of photosynthetically active 
radiation intercepted but also took into account the losses by respiration, following Thornley respiration approach. This 
research demonstrates that the RUE is not a constant value as the respiration process leads to RUE values being variable 
in a non-linear way over time. The daily RUE simulation, conducted through an interpolation process, revealed significant 
variation from emergence to the end of the cycle. This indicates an error in assuming a constant RUE throughout the entire 
growth period, particularly in assessing its physiological impact across the entire growth and development crop cycle.

Resumen
La captura de la radiación solar incidente por el follaje de las plantas y su conversión en biomasa en condiciones ilimi-
tadas de luz, agua y nutrientes se ha descrito como eficiencia en el uso de la radiación (RUE). El valor de RUE se ha 
calculado en función de la acumulación de biomasa y de la radiación fotosintéticamente activa interceptada sin considerar 
la pérdida de fotoasimilados debido a procesos respiratorios. Este estudio evaluó el RUE en el cultivo de papa diploide 
(Solanum phureja Juz. et Buk.) a través de seis experimentos en Colombia. La biomasa total se midió durante el ciclo de 
cultivo, desde la etapa vegetativa temprana hasta la madurez. Sin embargo, esta propuesta no solo involucra a la biomasa 
total acumulada en relación con la cantidad de radiación fotosintéticamente activa interceptada, sino que también tuvo en 
cuenta las pérdidas por respiración, siguiendo el modelo de respiración de Thornley. Esta investigación demuestra que el 
RUE no es un valor constante, ya que el proceso de respiración hace que los valores de RUE sean variables de forma no 
lineal a lo largo del tiempo. La simulación diaria de RUE, realizada a través de un proceso de interpolación, reveló una 
variación significativa desde la emergencia hasta el final del ciclo. Esto sugiere un error al suponer un RUE constante a 
lo largo de todo el período de crecimiento, particularmente en la evaluación de su impacto fisiológico a lo largo de todo 
el ciclo de cultivo.
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Introduction

Crop growth and yield are mainly determined by four key 
processes: a) the interception of incident photosynthetically 
active radiation, b) the utilization of solar energy in reducing 
substrates  (CO2) during photosynthesis, c) the integration 
of photoassimilates into new plant structures, and finally, 
d) the maintenance of these plant structures (Loomis and 
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Amthor 1999; Zhu et al. 2008). Plant growth involves intri-
cate processes, such as the dynamic partitioning of biomass, 
root, and foliage development, typically established prior to 
the onset of reproductive efforts. Additionally, the cost of 
maintenance rises as biomass accumulates during the crop 
cycle, alongside the cost of assimilate synthesis (Weradu-
wage et al. 2015).

Yield and crop growth are attributed to photosynthe-
sis but, the correlation between net photosynthesis and 
crop productivity lacks robustness due to leaf display and 
shading within the canopy (Bassham and Lambers 2021; 
Niinemets 2010). In the early stages of development, leaves 
are fully exposed to incident solar radiation, allowing for 
maximum photosynthesis rates. However, as the crop pro-
gresses through vegetative and reproductive growth, only 
a few leaves remain entirely exposed (Dewar 1996). Other 
factors contributing to the weak correlation may include 
adaptations to radiation, temperature, environmental stress, 
planting density, and the subsequent increase in mainte-
nance respiration (Loomis and Amthor 1999; Loomis and 
Williams 1963).

In order to establish an appropriate association between 
the increase in dry matter and the process of photosynthesis, 
significant attention has been paid to the light conversion 
efficiency, usually referred to as radiation use efficiency 
(RUE). RUE has been measured as the relationship between 
the total biomass produced and solar radiation intercepted 
by the canopy (g  MJ−1) (Murchie et al. 2019). The opti-
mal RUE would be reached with all leaves exposed to an 
adequate solar radiation amount with no light saturation. 
If the crop simultaneously intercepted most of the incom-
ing radiation, the dry matter production rate would also be 
upgraded (Stöckle et al. 2008).

De Wit (1959) and Loomis and Williams (1963) stand out 
as pioneering authors who conducted insightful analyses on 
the correlation between biomass increments and the amount 
of radiation accessible to a crop. De Wit (1959) considered a 
constant radiation use efficiency at the leaf level up to a satu-
rating light value and examined the consequences of light 
distribution in a leaf canopy, and the canopy photosynthetic 
ability was determined to be proportional to the solar radia-
tion incident to the canopy.

Loomis and Williams (1963) advanced this standby con-
sidering the quantum nature of radiation and expressing the 
efficiency of using radiation in terms of accumulated bio-
mass. In this approximation, assuming a maximum value 
for leaf quantum efficiency of 10 quanta per  CO2 fixed, 
the authors computed that the limit for crop efficiency was 
3.35 g of dry matter per  MJ−1.

Monteith (1963) distinguished the plant function in inter-
cepting and absorbing solar radiation from its purpose in 
transforming intercepted solar radiation into biomass. Then, 
the relationship between growth and intercepted radiation 

was characterized by Warren Wilson (1967). The author 
declared a linear relationship between biomass accumulation 
and the time integral of radiation interception by the plants.

The burden in correlating productivity with incoming 
solar radiation lies in the fact that plants intercept only a 
fraction of the incident radiation throughout their life cycle, 
making it accessible for photosynthesis. Disparities in can-
opy development across various crops, locations, and cli-
mates can complicate the comparison of efficiency solely 
relying on incident light (Squire 1990).

Monteith (1972) remarked that classifying ecosystems 
based on efficiency concerning incident radiation is becom-
ing a widespread form of taxonomy, but it contributes 
slightly to our understanding of how plants respond to the 
environment. Monteith (1972) moved forward, relating effi-
ciencies of dry matter production to the physical and bio-
logical factors that determine growth rates such as the frac-
tion of radiation intercepted by the canopy, the irradiance of 
individual leaves, the diffusion resistance of stomata, and the 
behavior of the photochemical system.

Loomis and Amthor (1999) proposed that the term 
'radiation use efficiency' (RUE) is suitable for establishing 
a meaningful connection between yield and net photosyn-
thesis. Although terms such as ‘radiation conversion fac-
tor’ and ‘radiation conversion efficiency’ have been used, 
it has been denoted that the use of the word ‘conversion’ 
is inappropriate because energy is not being directly con-
verted to biomass but instead converted from one form of 
energy to another during photosynthesis reactions (Sinclair 
and Muchow 1999). Moreover, the concept of RUE has also 
been widely used as an important method of modeling and 
analyzing crop growth and development (Bonhomme 2000). 
And most programs or crop simulation models consider two 
or three values of RUE during the development of the crop 
(Brown et al. 2011; Griffin et al. 1993; Haverkort et al. 2015; 
Hoogenboom et al. 2018; Ritchie et al. 1995; Singh et al. 
2005).

Estimation of RUE from Biomass Production 
and Radiation Interception Measurements

The RUE is generally considered as a constant and is com-
puted as the slope of the relation between total biomass (g 
 m−2) and cumulative intercepted radiation (MJ  m−2) (Mur-
chie et al. 2019; Stöckle and Kemanian 2009). In a compara-
tive study among various species, Murata (1981) observed 
that C4 plants, characterized by higher leaf photosynthetic 
rates, yielded greater RUE values (2.48 g  MJ−1) compared 
to C3 plants (1.82 g   MJ−1), as determined by the usual 
method of RUE estimation. Since the research carried out 
by Sale (1974), there have been reports on the relationship 
between radiation interception and dry matter accumulation 
in potato crops. However, a noteworthy variation in RUE 
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values, ranging from 1.3 to 4.3 g  MJ−1, has been observed 
(Table 1). This variation may, in part, stem from differences 
in the methodologies employed for measuring PAR and its 
interception, estimating LAI, the influence of environmental 
factors on regular crop development and growth, and varia-
tions among different cultivars. A detailed review of factors 
that contribute to uncertainty and errors in RUE determi-
nation is given by Sinclair and Muchow (1999) and Gallo 
et al. (1993).

Some Sources of Variation in Agricultural RUE

The value of the RUE is sensitive to factors affecting the 
crop, e.g., the amount of incident and intercepted radiation, 
the variation in maintenance respiration, which depends on 
temperature (Tjoelker et al. 2001), and the photoassimilates 
used per gram new biomass increases (growth respiration) 
(Thornley 1977). Therefore, the actual RUE occurs for 
plants with a large carbohydrates content (starch, sugars, 
cellulose) under ideal environmental conditions (Loomis and 
Amthor 1999).

Crop, weather, and soil variability are important sources 
of uncertainty in RUE calculation from total dry matter 

Table 1  Summary of radiation use efficiency (RUE) values reported for different potato cultivars and different experimental conditions

Source Location Cultivar RUE
g  MJ−1

Sale (1974) Griffith, Australia Sebago 2.70 to 3.60
Allen and Scott (1980) Sutton Bonnington, United Kingdom Arran Comet

Désirée
Pentland Crown

3.50 to 3.70

Khurana and McLaren (1982) Sutton Bonnington, United Kingdom Pentland Crown 2.50 to 3.40
Burstall and Harris (1986) Sonning-on, Thames, United Kingdom King Edward

Cara
1.07 to 1.76

Spitters (1987) Lelystad, The Netherlands Alcmaria
Bintje
Désirée
Maritta
Pimpernel

2.30 to 2.60

Jefferies and Mackerron (1989) Invergowrie, Scottland Maris Piper 1.75
Nishibe et al. (1989) Eniwa, Japan Danshakuimo

Toyoshiro
Norin 1
Benimaru

2.94 to 4.20

Van Oijen (1991) Wageningen and Renkum, The Netherlands Bintje
Surprise
Pimpernel

1.80 to 3.10

Kooman and Rabbinge (1996) Wageningen, The Netherlands Prudal
Mentor
Alpha
Irene
Pimpernel

1.90 to 3.50

Gordon et al. (1997) Colchester County. Nova Scotia Atlantic
Monona
Norchip

2.60 to 3.30

Condori et al. (2008) Toralapa, Patacamaya and Candelaria, Bolivia Luki
Alpha
Waycha

2.69

De la Casa et al. (2011) Córdoba, Argentina Spunta 2.90
Rezig et al. (2013a) Valley of Medjerda River. Saida, Tunisia Spunta 2.40 to 2.70
Rezig et al. (2013b) Valley of Medjerda River. Saida, Tunisia Spunta 3.20 to 4.20
Camargo et al. (2016) Aguas Nuevas, Spain Agria 1.30 to 1.90
Zhou et al. (2016) South Jutland, Denmark Folva 2.30
Zhou et al. (2017) South Jutland, Denmark Folva 2.90
Nyawade et al. (2019) Nairobi, Nyandarua, and Kirinyaga. Kenya Unica 1.20 to 2.80
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and the intercepted PAR and also requires sufficient sam-
ples to measure biomass with confidence. The moments at 
which measurements are made are critical due to RUE var-
ies according to crop developmental state (Murchie et al. 
2019). Furthermore, the measurement of radiation intercep-
tion should be done continuously throughout the growing 
season, which is logistically problematic on many occasions 
(Campbell and Norman 2011; Stöckle and Kemanian 2009). 
The field method has to consider the frequency of measure-
ments, time of day, and sensor placement to provide correct 
daily integration of radiation interception (Jing et al. 2012).

The crop development state affects the RUE value 
achieved because the capacity to intercept the incident radia-
tion, and the potential photosynthetic rate depends on the 
stage of growth (Murchie et al. 2019; Trapani et al. 1992). 
Furthermore, the appearance and disappearance of vegeta-
tive and reproductive organs can influence photosynthesis 
through the signaling mechanisms of accumulating carbo-
hydrates. In some species, a higher RUE was observed dur-
ing the early stages of crop establishment than later stages, 
which was attributed to a higher photosynthetic capacity 
(Sinclair and Muchow 1999). Even with this evidence, in 
practice, it is calculated as a constant which is only modified 
in two or three stages of crop cycle; it is not considered that 
the RUE can change continuously.

Another environmental factor that affects the RUE is 
the nitrogen (N) concentration. It is expected that N has an 
impact on RUE because of the well-established relation-
ship between the leaf photosynthesis and Rubisco content 
with the N concentration (Evans 1989; Zhou et al. 2017). 
Large concentrations of N are required for the building of 
dense canopies during the vegetative growth; under N defi-
cient conditions, the plant compensates for the lack of N 
by producing a lower number of leaves and smaller leaves, 
affecting the radiation interception and crop photosynthesis 
(Loomis and Gerakis 1975). This, in turn, results in less 
intercepted radiation and, thereby, less RUE.

The temperature should be associated with the RUE 
because it influences all vital processes of the plant. The 
temperature regulates the reactions involved in the pro-
cesses, starting with the rate of assimilation of  CO2 in 
the leaves, the synthesis of sugars for immediate use, the 
synthesis of starches for storage, and the respiratory pro-
cesses of maintenance of existing structures (Sinclair and 
Muchow 1999; Thornley 2011). Plant biology researchers 
have long used  Q10 to describe the temperature dependence 
of rates of respiration processes. The  Q10 function assumes 
an exponential relationship with temperature in which  Q10 
is the ratio of the respiration rate at one temperature to that 
at a temperature 10 °C lower (Tjoelker et al. 2001). A fixed 
 Q10 of 2.0 has gained wide acceptance in modeling leaf to 
ecosystem-scale respiration responses to temperature (Smith 
and Dukes 2013). Maintenance respiration also increases 

during the crop senescence, and consequently, lower RUE 
values would be expected during the senescence than in 
early and reproductive stages (Loomis and Amthor 1999; 
McCree 1982).

As a generalization, it is acceptable to state that any 
factor, biotic or abiotic, that reduces the canopy photo-
synthetic potential and increases the respiration process 
and is also likely to reduce the RUE. Nevertheless, this 
statement applies to many common factors that reduce 
potential growth, such as water availability, nutrients, 
diseases, pests, and agronomic management. In this 
sense, increasing the capability of leaves to intercept the 
incoming radiation directly relates to increased RUE. 
According to the RUE characteristics and its importance 
in understanding crop productivity, this study aimed to 
estimate the RUE of the diploid potato crop as a case 
study. This assessment involved not only the total bio-
mass accumulated concerning the amount of PAR inter-
cepted but also considered the losses by respiration. In 
this way, estimation of the RUE is not constant through-
out the crop, and this research presents an adequate solu-
tion to this problem. This approach can also be applied 
to any crop.

Materials and Methods

Location and Plant Material

We conducted a case study in the diploid potato crop to 
illustrate the methods for estimating Radiation Use Effi-
ciency (RUE) while accounting for respiration losses. Six 
experiments were employed to assess RUE using the diploid 
potato cultivar ‘Colombia’. Three trials were conducted con-
secutively, while the other three occurred simultaneously in 
three locations across Colombia. The data for this research 
was sourced from Saldaña-Villota and Cotes-Torres (2020), 
and Patiño (2014). Fertilizer management, aligned with the 
soil conditions and the nutritional requirements of the dip-
loid potato crop (Guerrero 1998), ensured that the demand 
for N, P, and K was met, and nutritional factors were not 
limiting. Detailed information about the experiments can 
be found in Table 2.

Experimental Design

A randomized block design with five replications was 
employed for each growing season. Whole plants within a 
one-meter square area of each experimental unit were har-
vested on a weekly basis. The criterion for selecting har-
vested plants for biomass determination was that they had to 
be entirely surrounded by neighboring plants, experiencing 
complete crop competition. Consequently, no samples were 
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taken from the borders of the plots. The experimental design 
ensured an ample number of plants per plot to account for 
samples from vacant spaces. The variables assessed included 
total leaf area, measured using a LI-COR leaf area meter 
(Model 3100, LI-COR Biosciences), and total dry matter. 
During harvesting, each plant underwent dissection for dry 
matter measurement, with each organ separated and packed 
into paper bags. The seed piece was excluded from the meas-
urements of plant mass. The plants were dried at 80 ºC until 
a constant dry weight was achieved. Subsequently, the total 
dry weight was determined by summing the dry weights of 
all plant components.

Daily weather data were recorded with a WatchDog 
2900ET station for each site and included total solar radia-
tion, precipitation, and maximum and minimum tempera-
ture. Missing data of daily precipitation were replaced with 
weather data obtained from Sistema de Alerta Temprana de 
Medellín y del Valle de Aburrá (SIATA) and from Instituto 
de Hidrología, Meteorología y Estudios Ambientales—Min-
isterio de Ambiente y Desarrollo Sostenible de Colombia 
(IDEAM) (Fig. 1).

According to McCree (1971), photosynthetically active 
radiation (PAR) corresponds to 44% of the incident solar 
radiation. Thus,

Table 2  Detailed information about the experiments, location treatments, measured growth variables, and weather variables

a Source experiments 1, 2, and 3: Saldaña-Villota and Cotes-Torres (2020)
b Source experiments 4, 5, and 6: Patiño (2014)
c RDW, Root dry weight (kg  ha-1); TBDW, Tuber dry weight (kg  ha-1); SDW, Stem dry weight (kg  ha-1); LDW, Green leaves dry weight (kg  ha-1); 
FRDW, Fruits dry weight (kg  ha-1); FLDW, Flowers dry weight (kg  ha-1); LAI, Leaf area index
d PAR, Photosynthetically active radiation. (MJ  m-2)

Experiment number

1a 2a 3a 4b 5b 6 b

Location in
Colombia

Medellín Medellín Medellín Medellín La Unión San Pedro de los Milagros

Latitude 6.20810 6.20810 5.95802 6.43960
Longitude –75.49950 –75.49950 –75.36136 –75.53110
Elevation (m) 2575 2575 2473 2599
Planting date 2011-08-31 2012-01-05 2012-05-15 2013-09-19 2013-09-21 2013-09-23
Harvest date 2011-12-18 2012-04-25 2012-09-01 2014-01-14 2014-01-17 2014-01-23
Cultivar Colombia Colombia
Planting density 

(plants  ha-1)
37037 37037

In-season sampling 11 12 12 11 11 11
Measured 

 variablesc
RDW, TBDW, SDW, LDW, FLDW, FRDW, LAI RDW, TBDW, SDW, LDW, FLDW, FRDW, LAI

Cumulative solar 
radiation during 
the growing sea-
son (MJ  m-2)

1771 1973 2638 1682 1677 1525

Cumulative  PARd 
during the 
growing season 
(MJ  m-2)

779 868 1161 740 738 671

Average tempera-
ture during the 
growing season 
(°C)

14.7 14.7 15.3 14.9 15.7 14.2
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Where pt is the photosynthetically active radiation (PAR, 
usually measured in MJ  m−2), and It is the incoming solar 
radiation (usually measured in MJ  m−2).

The fractional PAR intercepted by the canopy ( it ) was 
obtained following the Eq. (2) according to the analogy with 
Beer–Lambert law that states the attenuation of radiation in 
a homogeneous medium depends on the incident irradiation, 
the canopy architecture, and the optical properties (Monsi 
and Saeki 1953):

(1)pt = It × 0.44

(2)it = pt(1 − exp(−k × LAI))

where LAI is the leaf area index, and k corresponds to the 
radiation extinction coefficient, which changes with leaf age.

Estimation of RUE without considering the respiration 
processes

Many studies, such as those mentioned in Table 1, consider 
estimating a constant RUE as the slope of the relationship 
between the total biomass (wt) and the intercepted radia-
tion (Murchie et al. 2019; Stöckle and Kemanian 2009). The 
approach in mathematical terms is the following:

Fig. 1  Daily weather data. Daily solar radiation (orange line) (left 
ordinate axis) (MJ  m−2) and daily precipitation (blue bars) (right ordi-
nate axis) (mm  day−1) during the six crop growth seasons (abscissa 
axis) (month/day/year) at three locations in Colombia. Figures a, b, 
c, and d figures correspond to the field experiments established in 

Medellín, Colombia. Figure e corresponds to the field experiment 
established in La Unión, Colombia. And figure f corresponds to the 
field experiment established in San Pedro de los Milagros, Colombia. 
The planting and the harvest date of each experiment is represented 
by the black dotted lines
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where λ is the constant RUE for the entire growth period 
without considering the respiration.

where T is the growth time considered for the estimation.

Define At = ∫ T

0
ptitdt which is the PAR absorbed by the 

crop up to time t, and Wt = ∫ T

0
wtdt which is the cumulated 

biomass up to time t, then

thus, a linear regression obtained between Wt and At would 
allow us to know λ (RUE) that clearly does not consider the 
respiration processes.

Estimation of RUE considering the respiration processes

This section explores how to involve respiration in estimat-
ing RUE both in a general way and using a classical respira-
tion model proposed by Thornley (1970) (Thornley 1970) 
under controlled and field conditions.

Estimation of a constant RUE considering the respiration 
processes

Starting from the total cumulated dry matter and from 
Eq. (7), we obtain:

where Λt is the actual RUE in the time t and rt is the respira-
tion (g) in time t.

(3)wt = ptit�

(4)∫
T

0

wtdt = ∫
T

0

ptitλdt

(5)∫
T

0

wtdt = �∫
T

0

ptitdt

(6)Wt = �At

(7)Δwt = ptitΛt − rt

(8)∫
T

0

wtdt = ∫
T

0

piiiΛdt − ∫
T

0

rtdt

(9)Wt = ΛAt − ∫
T

0

rtdt

Relationship Between RUE with and Without Considering 
the Respiration Processes

To see if the RUE obtained without considering respiration 
has a linear relationship with the cumulated dry matter, we 
will explore the relationship between these two estimates. 
Thus, Eq. (9) can be rewritten as follows:

Substituting (6) in (11), we obtain:

In Eq. (12), it can be observed that when the RUE is 
estimated without considering respiration (usual RUE), a 
linear relationship as a function of time is not kept because 
the accumulated respiration and accumulated PAR are not 
constant over time. This clearly evidences that not consid-
ering respiration in the estimation of RUE is a misconcep-
tion. In other words, if for some reason, it is required to 
estimate a RUE without considering respiration, it can never 
be constant.

Estimating RUE Under Completely Controlled Conditions – 
Using Thornley Model

This section assumes a constant RUE for each day, and all 
environmental conditions are constant, such as temperature, 
relative humidity, and soil water and nutritional conditions. 
Here, it is necessary to state some assumptions about the 
respiration process. We are using the classical approximation 
proposed by Thornley (1970, 1971) (Thornley 1970, 1971) 
where the respiration process 

(
rt
)
 was divided into growth (

rg
)
 and maintenance respiration 

(
rm
)
 as follows:

 where m is the maintenance respiration rate (i.e., 0.03 g res-
pirated by total dry matter (g)), and c is the growth respira-
tion rate (i.e., 0.273 g respirated by assimilated (g)) (Amthor 

(10)Wt + ∫
T

0

rtdt = ΛAt

(11)Wt

At

=
ΛAt

At

−
∫ T

0
rtdt

At

(12)� = Λ −
∫ T

0
rtdt

At

(13)rt = rg + rm

(14)rt = cptiiΛ + mWt
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2000; Penning de Vries and Van Laar 1982). Substituting 
(14) into (9), we obtain:

Therefore, a linear regression with no intercept between 
Wt+m ∫ Wtdt

(1−c)
 and At would be the constant RUE for the whole 

plant growth cycle. The integral ∫ Wtdt would be calculated 
numerically using the observed values of Wt . Note that 
growth and maintenance respiration rates are considered 
constants throughout the plant growth cycle in this approach. 
This situation could be possible under greenhouse environ-
ment where the conditions are entirely controlled.

Estimating RUE Under Field Conditions – Using  
Thornley Model

In field conditions, respiration rates fluctuate and are pre-
dominantly influenced by temperature. The temperature-
dependent nature of respiration implies that RUE may also 
be influenced by temperature variations. Thus, a more real-
istic model should consider variable respiratory rates and 
possibly variable RUE. Based on the classical respiration 
model, Eq. (7) is rewritten as follows:

(15)Wt = ΛAt − ∫ cptitΛdt − ∫ mWtdt

(16)Wt = ΛAt − cΛAt − m∫ Wtdt

(17)Wt = (1 − c)ΛAt − m∫ Wtdt

(18)
Wt + m ∫ Wtdt

(1 − c)
= ΛAt

An alternative way to estimate Λt based on Eq. (20) is to 
consider a discrete model where the resolution of the cli-
matic variables at least daily, as follows:

For the first day after emergence:

For the second day after emergence:

For the third day after emergence,

Rewriting in matrix notation the equations above, we have:

(19)wt = ptitΛt − ctptitΛt − mtWt

(20)wt =
(
1 − ct

)
ptitΛt − mtWt

(21)W1 = W0 + Δw0

(22)W1 = W0 +
(
1 − c0

)
p0i0Λ0 − m0W0

(23)W1 =
(
1 − c0

)
p0i0Λ0 +

(
1 − m0

)
W0

(24)W2 =
(
1 − c1

)
Λ1p1i1 +

(
1 − m1

)
W1

(25)W
2
=
(
1 − c

1

)
Λ

1
p
1
i
1
+
(
1 − m

1

)[(
1 − c

0

)
Λ

0
p
0
i
0
+
(
1 − m

0

)
W

0

]

(26)
W2 =

(
1 − c1

)
Λ1p1i1 +

(
1 − m1

)(
1 − c0

)
Λ0p0i0 +

(
1 − m1

)(
1 − m0

)
W0

(27)W3 =
(
1 − c2

)
Λ2p2i2 +

(
1 − m2

)
W2

(28)

W
3
=
(
1 − c

2

)
Λ

2
p
2
i
2
+
(
1 − m

2

)[(
1 − c

1

)
Λ

1
p
1
i
1

+
(
1 − m

1

)(
1 − c

0

)
Λ

0
p
0
i
0
+
(
1 − m

1

)(
1 − m

0
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This can be generalized as follows:

where w is the cumulated weight vector with form 

⎡
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where d = {1, 2,… , h} indicating the growth days until the 
harvest date h; L is a lower diagonal matrix with the form:

(31)w = LΛ +mw0

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

�
1 − c

0

�
p
0
i
0

0 0 0 0 0 0 0 0

. . 0 0 0 0 0 0 0

. . 0 0 0 0 0 0

. . 0 0 0 0 0

�
1 − c

0

�
p
0
i
0

d∏
l=1

�
1 − ml

�
. . .

�
1 − cj

�
pjij 0 0 0 0

. . . 0 0 0

. . . 0 0

. . . 0

�
1 − c

0

�
p
0
i
0

h∏
l=1

�
1 − ml

�
. . .

�
1 − cj

�
pjij

h∏
l=j+1

�
1 − ml

�
. . .

�
1 − ch−1

�
ph−1ih−1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ d = {1, 2,… , h}

j = {0, 1,… , h − 1}

where j = {0, 1,… , h − 1} indicates the columns and d indi-
cates the rows, and m is a vector of size h with the form 
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 , and w0 is the initial weight. The RUE 

corresponds to vector Λ of size h, indicating that there is one 
RUE for each growth day. The linear system of Eq. (31) can 
be solved by any linear algebra method and, in this way, 
estimate RUE.

An option for obtaining daily respiration rates is from a 
respiration rate measured under constant temperature con-
ditions and then apply the rule of  Q10 using the daily mean 
temperature to generate the daily growth and maintenance 
respiration rates, thus:

(32)c1 = cbase × 2

(
tempmean−tempbase

10

)

Estimating RUE Under Field Conditions from Frequent 
Biomass Samples – Using Thornley Model

To estimate the RUE from periodic biomass samples, we 
must assume that the RUE value between two short-time 
harvestings varies slightly and can be considered in practical 
terms as constant for that short time. Based on the model in 
matrix notation, this is equivalent to:

where,
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where s corresponds to the harvest sampling, D is the num-
ber of days between the sampling s-1 and s, and 1D−1 is a 

(35)ms =

D−1∏
j=0

1 − mj

vector of 1 with size D-1. Equation (33) can be estimated by 
any common method of matrix algebra.

Finally, as an option, although we consider it unrealistic, 
perhaps in some studies, it may be of interest, it would be to 
estimate a constant RUE for the entire crop cycle, for which 
Eq. (33) is rewritten as:
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Because temperature affects the physiological processes 
involved in the crop growth and development, and con-
sequently in the estimation of the RUE, The RUE values 
 (RUEv) estimated per day or by sampling was transformed 
at constant temperature also using the  Q10 rule as follows:

The base temperature was set at 15 °C and the mean tem-
perature corresponds to the average temperature of the day 
or the sampling interval.

(36)
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(37)RUEv = RUE × 2

(
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10

)

Calculations and graphs were made with R statistical soft-
ware (R Core Team 2023).

Results

The calculated RUE, considering respiration processes 
throughout the crop season, exhibited noteworthy fluc-
tuations over time. In experiment 1 (Fig. 2a), during the 
initial stages of crop growth, the RUE experienced a mod-
est decline from 2.62 to 1.98 g  MJ−1 at 39 DAE. Subse-
quently, there was a substantial increase in RUE, peaking at 
7.08 g  MJ−1 around 66 DAE. This peak in RUE coincided 
with the period of maximum tuber growth rate, occurring 
between 60 and 70 DAE. Following 70 DAE, as tuber filling 
stabilized, the RUE demonstrated a decline.

Fig. 2  Radiation use efficiency – RUE (g  MJ−1) at 15 ºC (left ordinate 
axis). RUE obtained by daily interpolation samples over time (days 
after emergence – DAE) (abscissa axis) and tuber dry weight (g  m−2) 
(right ordinate axis) for the diploid cultivar ‘Colombia’ in six experi-
ments. Experiment 1 is depicted in figure a, Experiment 2 in figure 
b, Experiment 3 in Figure c, Experiment 4 in Figure d, Experiment 
5 in Figure e, and Experiment 6 in figure f. The continuous blue line 

represents the RUE values (RUEv) for each of the actual biomass 
samples, and the blue dotted line indicates the limits of confidence 
at 95%. The circles correspond to the RUE estimated for each day of 
crop growth obtained by interpolation. The black and orange dotted 
line represents the constant RUE for the whole crop season consid-
ering and without considering the respiration processes, respectively. 
The brown line represents the tuber growth over time
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The period while the RUE increased coincided with the 
time of maximum LAI values reached by the crop (> 2.5) 
and these values decreased from 53 DAE to the end of 
the cycle. The reduction in RUE coincided with the crop 
senescence since the vegetative organs of the plant (stems 
and leaves) lost biomass from 66 DAE due to this natural 
process until the end of the cycle.

In experiment 2, the RUE reduced during the first 30 DAE 
from 2.48 to 2.19 g  MJ−1. Then, the values increased until 55 
DAE, reaching 3.65 g  MJ−1. The values ranged between 2.53 
and 3.79 g  MJ−1 until day 70, when the RUE increased again 
to 5.86 g  MJ−1 until the end of the cycle (Fig. 2b). The fact 
that the crop increased the RUE at the end of the cycle suggests 
that the crop was still in full growth and that the foliage sani-
tary conditions were adequate. Diploid potato crops end their 
senescence because of P. infestans. If this disease were per-
manently controlled, the crop would always remain green and 
photosynthetically active. In experiment 3, the initial reduction 
of RUE is delayed until 49 DAE. Then, the RUE increased 
from 0.90 to 4.61 g  MJ−1 at 76 DAE. At the end of the cycle 
(83 DAE), the RUE achieved was 3.44 g  MJ−1 (Fig. 2c).

The highest initial values of RUE were obtained in exper-
iments 4, 5, and 6. Experiment 4 showed at the beginning of 
the emergence (9 DAE) a RUE value equal to 4.84 g  MJ−1. 
With the canopy growth, the RUE dropped until tuber ini-
tiation at 46 DAE, reaching 1.60 g  MJ−1, and the RUE val-
ues increased until it achieved the maximum RUE in this 
experiment (6.11 g  MJ−1) at 50 DAE (Fig. 2d). With crop 
senescence, the RUE deceased until the final harvest.

The initial RUE in experiment 5 at 10 DAE was 
9.91 g  MJ−1. This initial value is excessively high and abnor-
mal; this value could be explained by the fact that the small 
seedlings sampled in that initial growth phase were very small, 
had a couple of leaves, and were fully expanded without any 
restriction in the interception and absorption of received light 
energy. To 24 DAE, the RUE decreased dramatically, and it 
reached a value equal to 1.47 g  MJ−1. At 31 DAE, when tuber 
initiation was recorded in this experiment, the RUE increased 
until 53 DAE (5.36 g  MJ−1). The RUE obtained at the end of 
the crop cycle (73 DAE) was 4.18 g  MJ−1 (Fig. 2e).

The initial RUE in experiment 6 was the highest among 
the six experiments (16.84  g   MJ−1). The RUE notably 
decreased to 1.76 g  MJ−1 at 17 DAE. The values started 
to increase at 24 DAE. At 58 DAE, the crop achieved 
5.78 g  MJ−1. This value was reduced to the end of the crop 
cycle, with a RUE equal to 4.33 g  MJ−1 (Fig. 2f).

In general terms, it is possible to affirm that the diploid 
potato cultivar 'Colombia' during the first days of the emer-
gence until 44 DAE, reached RUE values between 1.37 
and 2.97. Then, when the tuberization process began, these 
values increased, and the crop achieved values between 
1.66 and 7.08. Finally, at the end of the cycle, with the 

stabilization of the tubers filling and the leaves senescence, 
the RUE values decreased, reaching values between 0.95 
and 4.33.

Figure 2 provides a representation of the RUE along with 
notable variations when accounting for respiration processes 
and the total biomass accumulation over time while assum-
ing a constant RUE. In the absence of considering respi-
ration processes, the RUE, calculated as the slope of the 
relationship between total cumulative biomass and cumula-
tive photosynthetically active radiation (PAR) for each of 
the six experiments, was 1.63, 1.61, 1.26, 1.83, 2.00, and 
1.72 g  MJ−1 (depicted by the orange dotted line in Fig. 2). 
However, when incorporating respiration in the computation 
of a constant RUE throughout the entire crop cycle, consist-
ently higher values emerged: 2.74, 2.93, 2.71, 3.46, 3.74, and 
3.18 g  MJ−1 for each experiment (represented by the black 
dotted line in Fig. 2).

It is possible to estimate the daily dry weight through 
interpolation processes from the dry weights obtained in 
biomass samples and the daily weather data. With this infor-
mation, the RUE can be estimated based on Eq. (33), and 
the empty circles in Fig. 2 represent these estimations. If dry 
weight interpolation is not available, the following is to use 
the biomass samples data and apply Eq. (5).

Considering that the RUE is a frequently used parameter 
in the development of crop models and the crop models gen-
erate daily growth data, empty circles in Fig. 2 show the RUE 
obtained by daily interpolation, that is, the interpolated RUE 
for each growth day. This interpolation allows us to see the 
RUE trend and its variation throughout the growing cycle. 
The estimated RUE values in the first days of emergence are 
significantly higher. When plants are newly emerged, their 
entire leaf area is exposed and captures the most significant 
amount of solar radiation to continue their accelerated growth 
at that early stage. Then, RUE decreases with vegetative 
growth, and its value increases again when the tuber fill-
ing process starts. At the end of the cycle, with the canopy 
senescence, the plant loses the capacity of interception solar 
radiation, loses photosynthetic capacity, and respiratory pro-
cesses are increased, and consequently, the RUE is reduced.

Discussion

The RUE has been widely used as the slope of the relation-
ship between the total cumulated biomass and the intercepted 
radiation (Murchie et al. 2019; Stöckle and Kemanian 2009). 
That single value has been applied to explain the growth as 
a function of solar radiation throughout the crop cycle (see 
studies in potato crop in Table 2). The results obtained in 
this study show that the RUE values fluctuate with the plant 
age that determines the canopy extension and distribution, 
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its radiation interception capacity, and the growth and main-
tenance respiration also vary with time. For this reason, 
employing a constant value to determine the efficiency in 
the use of radiation of an entire crop cycle may result in inac-
curacies when predicting crop productivity and yield.

A constant RUE over the complete crop season does not 
consider the different factors that affect the crop depending 
on the developmental stage. As shown in Fig. 2, during the 
early stages of growth after emergence, the young and small 
leaves are fully capable of intercepting the incident radiation 
and involving it in the photosynthesis processes to produce 
biomass and its subsequent translocation. The younger the 
plants, the higher the plants ability to intercept radiation and 
the photosynthetic ability. For this reason, experiments 4, 5, 
and 6 have higher initial RUE values than in experiments 1, 
2, and 3 because the biomass samples were harvested as early 
as possible. Thus, as discussed, RUE values are higher during 
the early stages. Besides, in this early developmental stage, 
the plant growth rates are high, in contrast to a low growth 
respiration rate, since the amount of existing biomass is also 
low. Likewise, the maintenance respiration rate of that young 
biomass is low because youthful tissues in full growth do not 
demand significant maintenance that implies energy costs. It 
is important to highlight that biomass samples in experiments 
1, 2, and 3 started at 18, 6, and 8 DAE, respectively. And in 
experiments 4, 5, and 6, they started at the emergence day.

The potato cultivar¡ used in this study belong to Solanum 
phureja species, characterized by their short life cycle, short 
day adaptation, and diploid nature (2n = 2x = 24) (Ovchin-
nikova et al. 2011). Due to the short cycle and precocity, S. 
phureja cultivars growth fast (Ghislain et al. 2006; Machida-
Hirano 2015), and at 24 DAE the tuber initiation started. 
This physiological stage changes the growth dynamics of the 
crop. The tuber filling constitutes in significant demand for 
photoassimilates. When the tubers start filling, the canopy is 
fully developed to intercept as much radiation as possible and 
involve it in the biomass production process. For this reason, 
the value of the RUE increases during this stage to contribute 
to supply the tuber carbohydrates demand.

At the end of the crop cycle of this type of fast-growing 
diploid cultivars, when the tuber filling stabilizes and the 
senescence process begins mainly due to sanitary factors, the 
RUE values are reduced because the leaves lose photosyn-
thetic capacity. Besides, during senescence, the maintenance 
respiration rate is high (Loomis and Amthor 1999).

In this sense, it is crucial to highlight that using a unique or 
constant RUE for the entire crop cycle is a mistake. Using a 
single value leads to crop growth being overestimated or under-
estimated in its different development stages. Furthermore, in 
many scenarios aimed to simulate and improve the understand-
ing of crop growth and development, the concept of RUE has 
been usually used as an important method (Bonhomme 2000).

More than 30 crop models are used to simulate potato 
growth (Fleisher et al. 2017; Raymundo et al. 2014; Saqib 
and Anjum 2021), and in some of these models, an unique 
constant RUE value is used to estimate the biomass increase. 
APSIM-Potato uses a constant RUE value of 1.44 g  MJ−1, and 
this value is multiplied by adjustment factors to account for 
the effects of water and temperature stresses and atmospheric 
carbon dioxide concentration (Brown et al. 2011). The INFO-
CROP-Potato model uses a RUE of 3.50 g  MJ−1 during vegeta-
tive and tuber growth (Singh et al. 2005). LINTUL Potato DSS 
uses a single RUE value for the potato complete crop season 
of 1.25 g  MJ−1 (Haverkort et al. 2015). The SUBSTOR-Potato 
model uses two RUE values, 3.50 g  MJ−1 from emergence to 
tuber initiation, and 4.00 g  MJ−1 from tuber initiation to matu-
rity (Griffin et al. 1993; Hoogenboom et al. 2018).

However, models such as NPOTATO (Wolf 2002) com-
putes the daily growth as radiation interception multiplied by 
a specified RUE. The radiation interception in this model is 
calculated from incoming radiation and the fractional radia-
tion interception. Then, RUE is corrected for sub-optimal 
temperatures and soil water contents and for a change in 
atmospheric  CO2 concentration. This approach estimates the 
RUE considering better assumptions.

Understandably, the extensively used constant RUE con-
cept, as the slope of the relationship between the total biomass 
and the solar radiation intercepted, is so widely accepted. This 
occurs because the adjustments are very good. For example, 
in most cases, the studies listed in Table 2, R2, are higher than 
0.90. This allows us to infer an optimal fit, and it is assumed that 
the RUE could be single and constant for the entire crop cycle. 
Based on our research findings, the RUE is not a constant value 
as the respiration process leads to RUE values being variable in 
a non-linear way over time.

Conclusion

This study highlights that during the crop growth, the RUE 
is variable in the different stages of developing of the diploid 
potato crop. The rapid growth of these cultivars means that 
vital processes such as the synthesis of photoassimilates, 
their translocation, and maintenance and growth respiration 
processes are reflected in the radiation use efficiency. The 
RUE increases at the beginning of the tuberization process to 
around 40 DAE. Moreover, while the tuber filling is occur-
ring, the maximum RUE values are reached around 60 DAE.

The simulation of the daily RUE throughout an interpola-
tion process shows an important variation from the first day 
of the emergence to the end of the cycle that suggests that 
assuming a constant RUE for the entire growth period is an 
error. Moreover, the RUE calculations must include processes 
in which there is a loss of carbohydrates, such as respiration.
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