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Understanding the physiological bases behind genetic gains in wheat (Triticum aestivum L.) yield as well as its
interplay with environmental conditions are essential to guide breeding strategies for improvement and adapt-
ability. In this study we investigated the physiological drivers of yield differences between traditional and
modern bread wheat cultivars and assessed their responsiveness under contrasting growing conditions. Eleven
cultivars representing different breeding eras were tested in three field experiments throughout the 2022/23
season in a high-yield condition and two low-yield environments differing in their water input (rainfed and
irrigated) and photothermal conditions. Differences between genotypes and environment were significant
whereas yield, grain number per m?, and harvest index showed stagnation after 2000 in favourable and resource-
limited environments. Yield increases were strongly associated with higher grain number per m?, primarily
driven by more grains per spike. In contrast, average grain weight and spike density showed little variation
across breeding eras. Relative yield gains were 0.67 and 0.71% y™' under high-yielding irrigated and rainfed
conditions, respectively. Gains in biomass accumulation and fruiting efficiency also contributed to yield im-
provements, with both traits expressing genetic progress even under low-potential conditions. Interestingly, crop
responses differed between stress types despite similar yield penalties. Under rainfed conditions, genetic gains
were maintained though reduced, whereas no consistent trend was detected under late sowing. This suggests that
the expression of genetic gain may depend on the nature of the stress imposed, being maintained under resource
limitation but not under stress associated with altered photothermal conditions and strong constraints.

1. Introduction

Wheat (Triticum aestivum L.) is the most widely cultivated crop
globally (Erenstein et al., 2022; FAOSTAT, 2026), being critical for food
security (Fischer et al., 2014; Shiferaw et al., 2013). Despite yield in-
creases during the second half of the 20th century (much of which were
due to genetic improvement; Calderini et al., 1995; Lo Valvo et al., 2018;
Sanchez-Garcia et al., 2013), prospects for yield improvement and
adaptability for the next decades are challenging (Reynolds and Braun,
2022). Due to climate change, the likelihood of the crop being exposed
to more stressful conditions is expected to increase (Gourdji et al.,
2013), making genetic gains even more difficult to achieve (Le Gouis
et al., 2020). Indeed, during the last decades, there have been signs of

yield stagnation (Brisson et al., 2010; Ray et al., 2012; Schauberger
etal., 2018; Silva et al., 2026; see also Grassini et al., 2013 for a more in
depth discussion of the issue), possibly related to the increase in tem-
perature and the increasing frequency of heat stress events (Kalra et al.,
2008; Riedesel et al., 2024), as its negative effects on yield are well
documented in most crops (Zhao et al., 2017), including wheat both
globally (Asseng et al., 2015) and in Spain (Gulino et al., 2023). The
scenario is even more worrisome as not only wheat yields are either not
increasing noticeably or increasing at a slower pace than necessary to
match growing demand (Ray et al., 2013; van Dijk et al., 2021), but also
genetic gains in yield are being slower than needed in general (Reynolds
et al., 2012) and particularly in the latest decades not only in Spain
(Acreche et al., 2008; Chairi et al., 2018; Sanchez-Garcia et al., 2013)
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but also in several other countries (Beche et al., 2014; de Oliveira Silva
et al., 2020; Flohr et al., 2018; Le Gouis et al., 2020; Lo Valvo et al.,
2018). In this context it seems imperative to achieve higher rates of
genetic gains in yield.

Understanding the physiological traits underlying genetic gains in
yield is crucial for identifying potential avenues for future breeding
(Acreche et al., 2008; Beche et al., 2014; Reynolds et al., 2009). Retro-
spective studies offer a valuable framework for pinpointing key physi-
ological attributes that can be implemented to further enhance yield. For
that reason, numerous studies have reported genetic gains in yield across
various countries, the most rigorous ones based on experiments
comparing old and modern cultivars grown side-by-side. For a recent
synthesis of such studies, see Fig. 3.23 in Slafer et al. (2021), showing
that the reported genetic gains vary depending on the period analysed
and the country. This evidence, coupled with advances in our under-
standing of the physiology of yield (Reynolds et al., 2022; Slafer et al.,
2023), highlights the importance of re-evaluating the effects of breeding
on yield determination from time to time.

Genetic improvement in wheat during the last decades has focused
on four groups of attributes noticeably impacting yield determination:
phenology and plant height, biomass partitioning, yield numerical
components, and environmental responsiveness (Araus et al., 2008).
Changes in phenology, like advancing anthesis in modern varieties,
made it possible to adapt cultivars to specific areas characterised by
terminal stress (Slafer, 2003). Semi-dwarf varieties reduced the risk of
lodging and increased partitioning to reproductive organs, boosting the
rate of floret survival at anthesis (Miralles et al., 1998). This, in turn,
increased the number of grains set per spike (Slafer et al., 2015) and per
unit land area (Alvaro et al., 2008). It has recently been postulated that
the number of grains produced per unit of spike dry weight at anthesis,
defined as fruiting efficiency, is an alternative trait to further raise spike
fertility and wheat yield (Slafer et al., 2015). There is ongoing debate in
the literature regarding whether yield gains and the traits responsible for
these gains depend on the environmental conditions in which experi-
ments are conducted. In some cases, similar trends are observed across
contrasting environmental conditions (Voss-Fels et al., 2019), while in
others, the environmental background strongly interacts with these
trends and their physiological determinants (Ahrends et al., 2018). This
debate is relevant as it may clarify to what extent selection under
high-yielding conditions can produce varieties that outyield their pre-
decessors not only under high-yielding environments but also under
moderate-severe stress. This might be feasible (De Vita et al., 2010;
Ortiz-MonasterioR et al., 1997; Lopes et al., 2012), implying that se-
lection for yield potential would concomitantly bring about improved
tolerance to abiotic stress (Fischer and Edmeades, 2010; Foulkes et al.,
2022; Slafer and Araus, 2007). However, cases reporting contrasting
trends across different environments (Acreche et al., 2008; Curin et al.,
2021) suggest that the type of stressors driving suboptimal yield con-
ditions may influence whether selection for yield potential leads to
improvements under intermediate- or low-yielding conditions. This
distinction is particularly important when considering whether breeding
responses differ based on resource availability (e.g., agronomic inputs)
compared to environmental signals, such as higher temperatures antic-
ipated with climate change. To the best of our knowledge, this question
has not yet been explicitly tested. Therefore, the main objectives of this
study were: (i) to analyse yield trends of wheat cultivars released in
different eras in Spain, under three distinct conditions: (a) potential
conditions with no major stressors, (b) rainfed conditions with optimal
sowing (representing water-stressed conditions with optimal
phenology), and (c) moderately stressful late-sowing conditions that are
fertilised and irrigated (representing warmer conditions with high in-
puts but compromised phenology), and (ii) to identify the physiological
bases for yield differences between traditional and modern wheat cul-
tivars in these contrasting environments. In a companion paper
(Marchese et al., 2026), we analysed the influence of breeding selection
on the dynamics of floret development during stem elongation and grain
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setting to further understand the differences in grain yield formation.

2. Materials and methods
2.1. Experiments and growing conditions

Three field experiments were conducted during the 2022-2023
growing season, two in Lleida (LL; NE Spain) and one in Valladolid (VA;
NW Spain). The first experiment was sown in Lleida on 11 November
2022, the optimal sowing date in the region, under irrigation (LLog.Ir)-
The second experiment was sown in Lleida as well but on 15 February
2023, a very late sowing date, also under irrigation (LL;g.[g). Both ex-
periments were conducted in the experimental field of the campus of the
School of Agronomy of the University of Lleida (lat. 41°37'50” N, long.
0°35'27” E, altitude 180 m). The soil of the experimental field was a
Typic Xerofluvents (Soil Survey Staff, 1999; Table 1) and the seedling
density was 250 plants m 2. As N availability in the soil was relatively
high in Lleida, with 124 kg ha™! of mineral N available at sowing only in
the top 0.30 m (Table 1), experiments in Lleida were fertilised with low
doses (50 kg N ha’l). The third experiment was carried out in Valla-
dolid, sown on 12 December 2022, also within the optimal sowing dates
for the region, but under rainfed conditions (VAps.rg). Experiment 3 was
conducted in the experimental field of the Agro-technological Institute
of Castilla y Ledn (ITACyL; lat. 41°65°20” N, long. 4°47°84” W, altitude
700 m). The soil of the experimental field was a Xerofiuent (Soil Survey
Staff, 1999) and the seedling density was 340 plants m~2. Plots were
fertilised with 300 kg ha ! of fertiliser (N-P-K; 8-15-15) before sowing,
150 kg ha ! at tillering (27—0—-0) and 1 L ha~! of foliar fertiliser at
anthesis (14—5-5). In all three experiments, weeds, diseases, and in-
sects were prevented or controlled by spraying recommended herbi-
cides, fungicides and insecticides as required with the doses and timings
recommended by the manufacturers. Thus, the management applied to
the experiments warranted no stress (yield potential conditions) in
LLos.1r, While two contrasting types of stresses in the other two experi-
ments, compared to Exp 1: mainly water stress in VApsgr and climate
stress, chiefly high temperatures, due to a very late sowing in LL;g.g.

Global radiation, temperature (maximum and minimum), and pre-
cipitation were retrieved from local weather stations near the experi-
mental area (Fig. 1) to calculate monthly accumulated rainfall, daily
solar radiation, and mean temperature. Irrigation levels in Lleida are
also shown in Fig. 1. The photothermal quotient was calculated from
November to July as Eq. 1:

1 < Ra(MJIm—2d!
PQm (MJm Zd ! °C I)ZHZTIGEEC)*45 cc)' (1)

i=1

where PQ,, is the photothermal quotient of a particular month, n is the
number of days in that month, Rg; is the daily total solar radiation on day
i, T; is the daily mean temperature on day i and 4.5 °C is the base tem-
perature used to estimate the PQ (Fischer, 1985).

Meteorological conditions largely differed between experiments for
water input (LLps.1r VS. VAps.rr) and temperature (LLog.;r and LL;gr)
(Fig. 1). Rainfall during the growing season was 150, 100, and 275 mm

Table 1

Soil analysis at the first 30 cm of soil depth including pH, electrical conductivity
(EC), content of organic matter (OM), nitrogen as nitrates (N-NO3), phosphorus
(P) and potassium (K).

Site pH EC oM N-NO3 Olsen P K
(ds.m™) (%) (ppm) (ppm) (ppm)

Lleida 8.3 0.281 2.01 32.0 9.1* 297.5

Valladolid 8.4 0.001 1.53 8.0 42.0 440.0

" Although this Olsen P value can be considered relatively low, in this region
values must be under 7 ppm to be considered limiting (Ortiz et al., 2023), as
yields are maximized in this type of soils at that seemingly low P level (Syers
et al., 2008).
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Fig. 1. Meteorological conditions during the experiments 1 and 2 (optimal sowing date, LLos r and late sowing date, LL;s.jg both in Lleida under irrigation, A) and
experiment 3 (optimal sowing date under rainfed in Valladolid, VAogs grr, B) showing monthly accumulated rainfall (closed bars), irrigation (stripped bars), monthly
average daily solar radiation (discontinuous black lines), mean temperatures (black continuous lines), and photothermal quotient (grey continuous line) from sowing
to maturity. Horizontal bars indicate sowing date (SW), average dates for anthesis (AT), and physiological maturity (PM).

for these environments, respectively; with supplementary irrigation in
Lleida being 429 mm in LLpgs.;g and 531 mm in the LL;g g, applied once
or twice per week through drip irrigation. The average photothermal
quotient for the month immediately preceding anthesis was greatest at
VAos.rr (2.97 MJ m~2 d! °C™!) followed by LLog.g and LL;g.r (2.03
and 1.78 MJ m~2 d ™! °C™}, respectively).

2.2. Treatments and experimental design

A set of 11 historical wheat cultivars', released between 1940 and
2021 and widely grown in the region (i.e., they were commercially
successful and broadly adopted in their time, and therefore fairly
represent successful breeding releases), was selected to represent the
progress of Spanish wheat breeding during that period (Table 2). The
seeds of some cultivars did not arrive in Valladolid in time for the
optimal sowing date. Therefore, three out of the 11 cultivars were not
grown there. Due to the high temperatures during vegetative stages in
the very late sowing in Exp 2 (LLisgr) cultivars Soissons, Craklin,
Camargo, Marcopolo, and Jabalcon did not satisfy their vernalization

! As we conducted very detailed measurements in this study (many of them
reported in the companion paper, Marchese et al., 2026), it was not feasible to
include a larger number of cultivars, as is more common in studies focusing
solely on yield and yield components. This constraint is typical in physiologi-
cally intensive studies, and there are numerous examples in rigorous journals
where fewer than 11 cultivars were used to conclude on breeding effects (e.g.,
Acreche et al., 2008; Beche et al., 2014; Behrend et al., 2026; Curin et al., 2021;
Ding et al., 2020; Sun et al., 2014; Wang et al., 2017; Yao et al., 2019).

Table 2

Cultivars tested with their respective year of release in Spain and their Rht-B1
allele. The “X” indicates in which experiments the selected cultivars were
grown and developed normally. Optimal and late sowing date under irrigation in
Lleida (LLogr and LL;s g, respectively) and optimal sowing date under rainfed
in Valladolid (VAos.rr). Pedigree of the cultivars can be seen in the references of
the Table footnote.

Cultivar Year of release in Rht-B1 Experiments
Spain allele
LLos. LLis. VAops-
R R RF
Aragon 03 1940 Rht-Bla*, X X
Pane 247 1950 Rht-Bla* X X X
Florence 1958 Rht-Bla* X X X
Aurora
Anza 1974 Rht-B1b** X X
Marius 1980 Rht-B1b** X X X
Soissons 1990 Rht-Blb*** X X
Craklin 2006 Rht-B1b* X X
Camargo 2010 Rht-B1b? X X
Marcopolo 2013 Rht-B1b? X X
Filon 2017 Rht-B1b* X X X
Jabalcon 2021 Rht-B1b* X

* Royo and Briceno-Félix (2011).

** Acreche et al., (2008).

**% Worland et al., (1998).

@ Information in GENVCE (Group for the Evaluation of New Varieties of Exten-
sive Crops in Spain) extension materials and/or personal communication from
breeders of Semillas Batlle (a breeding company in Spain).
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requirements for normal development and did not flower normally.
Therefore, these cultivars were not sampled in Exp. 2.

In all experiments, cultivars were arranged in a randomized com-
plete block design with three (LLOS-IR and LLLS-IR) or four (VAOS-RF)
repetitions. Plot size was 1.2 m wide (six rows, 0.20 m apart) and 4 m
long in Lleida and 1.47 m wide (seven rows, 0.21 m apart) and 8 m long
in Valladolid.

2.3. Plant measurements and statistical analysis

Phenological stages of each plot were recorded twice a week using
the scale of Zadoks et al., (1974). Soon after seedling emergence and
well before the onset of tillering (when individual plants could be easily
recognised), we labelled areas of 1 m in a central row of each plot and
manually thinned these areas to 50 (LL) or 67 (VA) seedlings homoge-
neously distributed within the row. Later samples for determining
biomass and partitioning were taken from these pre-labelled areas of 1
linear meter. Supporting nets were installed in the plots of the tall and
older cultivars in Lleida to prevent lodging.

Plant height, from the ground to the base of the spike, was recorded
on three plants of each plot after anthesis (DC 69). Aboveground
biomass samples at physiological maturity (DC 90) were collected when
at least 50% of plants of the sampling area reached that stage. The
number of plants, tillers, and spikes per m? was determined from the
whole sample and shoots of five representative plants were dissected
into leaf blades, stems (including leaf sheaths), and spikes. All these
samples were dried in air-forced ovens at 65 °C for at least 72 h and
weighed. All the spikes of the five plants were then threshed, and the
grains were weighed. Grain number per unit area and average grain
weight were determined representing the 1 m row sampled. Harvest
index was calculated as the ratio between grain yield and aboveground
biomass at maturity estimated from the sampled linear meters as
described above. Fruiting efficiency was estimated as the ratio between
grain number per m? and chaff dry weight at maturity per m2.

Genetic gains of yield and other traits were estimated by regressing
each trait on the year of release of the cultivars. When a linear model
produced a non-random pattern of residuals, we fitted a bilinear model
following Eq. 2:

a+bex, x<c
Y(x) = )
at+bec, x>c

where a denotes the y-intercept, b the slope of the linear increase, and c
the value of the independent variable at the breakpoint between the
linear phase and the plateau. Model selection between linear and
bilinear was based on goodness of fit, and bilinear models were used
only when they provided a superior fit. Parameterization followed an
iterative process using initial values and refining them until convergence
on the estimated parameters. After successive iterations, the best fit was
selected based on the lowest Akaike information criterion (AIC). Models
were fitted using the Im()’ function in R software (R Core Team, 2026).
All coefficients are reported in Supplementary Table S1.

Relative genetic gain (% y ') for a particular trait was calculated as
the ratio between the slope of the regression (when it was significantly
higher than zero) and the average value of the variable being considered
in each experiment (Shearman et al., 2005). In the regressions, the year
of release was transformed by subtracting 1930 (ten years before the
release of the first cultivar in the historical set, Aragon 03) from each
value for the biological interpretation of parameters. Analysis of vari-
ance was used to determine the differences between cultivars at each
location, where cultivar and location were considered fixed effects and
blocks as a random effect.
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3. Results
3.1. Trends in phenology and plant height

Photothermal conditions explored in each experiment influenced the
duration of crop developmental phases. However, there was not a clear
trend between the time to anthesis or maturity and the year of release of
the cultivars (Fig. 2).

Plant height varied among experiments due to environmental con-
ditions with the greatest heights observed in LLog.jg (0.89 m), followed
by LLysir (0.75 m), and the lowest average heights were observed in
VAosgrr (0.57 m). Plant height decreased noticeably until the 1990’s
and then reached a plateau from then onwards, a pattern that was
consistent across experiments (Fig. 3).

3.2. Trends in grain yield and its two major components

Grain yield, the number of grains per m?, and the average grain
weight differed significantly across cultivars and environments; and the
interactions between cultivars and environments were also significant
(Table S2). In line with the purpose of the study, the environmental
effect was, by far, the strongest, providing a strong basis for testing the
consistency of any trends with the year of release under contrasting
conditions. Although the interaction between cultivars and environ-
ments was highly significant, its impact was much smaller than that of
the cultivars themselves. The mean square of the interaction was only a
small fraction of the mean square of cultivars: 0.22, 0.17 and 0.30 for
grain yield, grain number per m? and average grain weight, respectively.
This suggests that the interaction would not have resulted in a cross-over
performance of the tested cultivars, though the specific trends would
have varied across experiments.

Among all cultivars and locations, grain yield ranged between 2.50
and 9.02 Mg ha™}, corresponding to the old cultivar Florence Aurora in
VAops.rr and to the modern cultivar Camargo in LLog.g, respectively.
However, it does not mean that modern cultivars outyielded the old plus
intermediate ones consistently across environments. In line with the
relative magnitudes of the mean squares commented above, there was a
clear trend for positive genetic gains in two of the experiments, LLos.1r
and VAops.rp, but a lack of any significant trend in LLig g (Fig. 4). In
LLosr and VAopggr the trend was consistently bilinear, with genetic
gains being clear until the turn of the century, but not since then on (i.e.,
yields remaining constant during the last period analysed; Figs. 4A and
4C). Then again, the gains that were clearly evidenced, regardless of the
yielding condition in two of the three experiments, were not evident in
the environment characterised by a late sowing, LLigr. Interestingly,
whether the experiment revealed genetic gains or not was not related to
the yielding condition of the experiment. The irrigated but late sown
experiment exhibited a very similar average grain yield to that of the
rainfed experiment sown in optimal dates (3.62 vs. 3.44 Mg ha™!, for
LLs.1r and VAos.re, respectively). It seems clear that more relevant than
the yielding condition is the factor determining that level of yield pen-
alty: when the yield reduction was due to less water availability (VAgs.
rr) there was a clear bilinear trend with the year of release of the cul-
tivars, as in the optimum yielding condition (LLos.jr), whereas yield
penalties from later sowing date (LL;s.[r) did not show a trend between
yield of the cultivars and their year of release (Fig. 4). Thus, on average,
modern cultivars clearly outyielded the old plus intermediate ones in
LLos.r and VAgsgr, but not in LLjgg (Fig. 4B). Although only one
modern cultivar flowered normally under the latter condition, it is
important to note that in the other two environments its yield was (i)
similar (not significantly different) from that of the other modern cul-
tivars, and (ii) consistently higher than that of the old and intermediate
cultivars (Figs. 4A, 4C).

Comparing more quantitatively the trends in the two environments
exhibiting yield improvements until the turn of the century, genetic
gains were much higher in the high-yielding environment (LLos.ir,
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5.06 g m2 y_l) than in the rainfed condition (VAgs.rp, 2.44 g m~2 y_l).
However, if the quantitative analysis is done on a relative basis, genetic
gains were rather similar (0.67 and 0.71% y’l, in LLos.1r and VAos.rr,
respectively; Fig. 4D).

The rest of the results section will be focused on experiments 1 and 3,
since we aimed to identify the crop-physiological traits responsible for
the genetic gains in yield and no such gains were evident in the late
sowing condition. Modern cultivars did not outyield the intermediate or
old cultivars (Fig. 4B), and the genetic gain estimated in that experi-
mental condition was null (Fig. 4D). In this environment (LL;s.1g) the
lack of trend in yield was not due to compensating positive and negative
effects on yield components. The estimated gains in components were
also null for the different components.

The mean squares for the number of grains per m? showed a very
similar structure to that of yield: (i) cultivar, environment and GxE ef-
fects were all highly significant, but (ii) the environmental effect was
much stronger than the cultivar effect, which in turn was much stronger
than the GxE (Table S2). Thus, in line with what was shown for yield,

the number of grains per unit land area increased linearly with the year
of release during the last century but did not seem to continue increasing
in the first two decades of the 21st century both in LLog g and in VApg grr
(Fig. 5A). The relative genetic gains in grains per m? (Fi g. 5B) were
similar to those in yield (cf. Figs. 5B and 4D).

Like yield and grains per m?, the average grain weight showed highly
significant effects of cultivar, environment and G xE, but the interaction
effect was much less strong than the direct effects of cultivars and en-
vironments (Table S2). Yet, unlike yield and grains per m?, the genotypic
variation in average grain weight did not show any trend with the year
of release in either of the two experiments in which yield was shown to
be significantly improved through breeding (Fig. 5C).

The number of grains per spike also varied due to all sources of
variation (Table S2). In this case, there was a cultivar (Pane, released in
1950) that had in LLos.r a rather high number of grains per spike
compared to the other old cultivars. When removed from the analysis,
there was a clear positive and linear trend to increase the fertility of the
spikes in both environments: 0.24 and 0.13 grains spike_1 y_1 in LLog.r
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and VAos.rp, respectively (Fig. 6A, Table S1), representing gains of c.
0.62% y ! (Fig. 6B). A positive relationship between the number of
spikes per square meter and year of release was observed in VApg gr as
well with an absolute increase of 1.84 spikes m ™2y~ ! representing a gain
of 0.40% y~! (Figs. 6C and 6D).

3.3. Aboveground biomass at maturity and harvest index

Harvest index increased with the year of release until the turn of the
century and remained stable at 50-53% in both locations (Fig. 7A). For
the period of linear increase, rates were 0.21% y’1 in LLos.r and 0.17%
y~!in VAog.rr and relative genetic gains were also similar (c. 0.4% y ™ };
Fig. 7B). Aboveground biomass at physiological maturity portrayed a
linear increase during the whole period (Fig. 7C), but the slopes were
relatively small. The genetic gain in biomass was 55% higher in LLog g
than in VAps gy, 3.80 and 2.45 g m~2 y’l, respectively (Fig. 7C). How-
ever, the different gain was more or less proportional to the differences
in biomass between these environments and therefore the relative ge-
netic gain was much more similar, 0.24 and 0.34% y’1 in LLpg.r and
VAos.rp, respectively (Fig. 7D).

As the relative gains in biomass were relatively modest, yield gains
better reflected gains in harvest index (cf. Figs. 7A and 4A-C) than those
in biomass (cf. Figs. 7C and 4A-C).

3.4. Fruiting efficiency

As with the number of grains per spike, fruiting efficiency was also
high for the old cultivar Pane in both environments (both data-points are
overlapped in Fig. 8A), and if we disregard it from the analysis, there
was a clear trend to increase fruiting efficiency through breeding, bi-
linearly in LLpsqr and linearly in VAgggr (Fig. 8A). As the actual
values and the slopes of the relationships were similar in both

experiments, the relative genetic gain was similar, and relatively high in
both experiments (c. 0.55% y 5 Fig. 8B).

3.5. Associations between traits and trade-offs

Gains in grain yield were associated with increases in grain number
per area in both LLogr and VApg.grr environments (Fig. 9). Fitted re-
gressions slightly differed between experiments; and a single regression
could have been used to fit the pooled data from them (P < 0.001;
R?=0.92), implying that the main reason for the much higher yield in
LLos.1r than in VApg gr was the higher number of grains in the former for
each cultivar regardless of their year of release. Thus, both sources of
variation (i.e., the environmental conditions and breeding gains)
increased yield through increasing the number of grains per m? (Fig. 9).

Genotypic differences in grain number m~2 were related to those in
both spikes per unit land area and grains per spike (Fig. 10), but the
relationship represented gains through breeding only in VAgs gr when
considering spikes m~2 (in LLos.r the relationship, though statistically
significant, was much lower and the modern and older cultivars are
mixed; Fig. 10A), while the relationship with the number of grains per
spike was more clear and driven by the year of release of the cultivars
(Fig. 10B). As with the case of yield and grains m 2, a single regression
pooling the data from both environments is highly significant
(P < 0.001; R2=0.78) because differences in grains per m? were driven
by differences in grains per spike regardless of whether the drivers for
variation were the growing conditions of breeding for higher yields
(Fig. 10B). In contrast, the differences between environments could not
be due to those in spikes per m? as the ranges explored in the high
yielding environment were only marginally larger than that in the lower
yielding condition (Fig. 10A). A positive and significant relationship was
also observed between the grain number m~2 and the grain number per
spike in LLpg.jr and VAopg.gr with differences between both values, slope
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and intercept (Fig. 10B).

We observed a positive relationship between the number of grains
m~2 and fruiting efficiency in both environments (Fig. 11A). Despite
increases in fruiting efficiency, a trade-off with average grain weight
was evident and consistent across experiments (Fig. 11B). The average
grain weight was negatively related to the number of grains per m?
(Fig. 12), although the relationship was significant only in LLogs.ig-

Yield at both locations was largely related to genetic gain in harvest
index, with high yield of modern cultivars correlating with high harvest
index regardless of environmental conditions (Fig. 13A). Regarding
aboveground biomass at maturity (Fig. 13B), as with the relationship
between yield and number of grains per m? or the latter with number of
grains per spike, a single regression for both experiments together is
highly significant (P < 0.001; R?=0.93) indicating that both environ-
mental and genotypic/cultivar effects are due to changes in the same
independent variables.

4. Discussion
4.1. Genetic gains in yield and dependence on the testing environment

We quantified genetic gains in the last 80 years under contrasting
environmental and developmental conditions. Those included a yield
potential condition and two with a stress level that reduced yield to c.
50% of those in the high-yielding condition, in one case through car-
rying out the experiment in rainfed conditions and in the other through
sowing very late. Under high-yielding conditions, yield gains were
consistent between 1940 and 2000, remaining stagnant afterwards. We
acknowledge that a more precise breakpoint could likely have been
estimated with a larger set of cultivars released around the turn of the

century, yet including more genotypes might have compromised the
detail of measurements reported in this study. Hence, the trends pre-
sented here should be interpreted within the specific scope of the
breeding period, genotypes, and regional context. Indeed, genetic gain
estimations in retrospective studies may depend on other factors such as
the breeding period analysed (Slafer et al., 2021) or check cultivars
grown side-by-side (Andrade et al., 2026). While these findings are
concerning, several other studies reported similar results with lack of
clear gains over the last decades in different regions and/or using
different commercial varieties (Acreche et al., 2008; Beche et al., 2014;
de Oliveira Silva et al., 2020; Flohr et al., 2018; Lo Valvo et al., 2018;
Sanchez-Garcia et al., 2013) resulting in a rather alarming situation of
decrease in efficiency in achieving genetic progress (Le Gouis et al.,
2020). Studies reporting stagnant trends reinforce our conclusion that
there has been a worrying lack of clear genetic gains over recent de-
cades, regardless of the exact estimated cutoff year, which may partly
vary depending on data availability.

When analysing the response of the crop in two stressful environ-
ments, we found contrasting results, despite the environments having
similarly negative effects on yield. In the rainfed trials, we observed the
same overall trends as in the high-yielding conditions, although the
estimated genetic gain was smaller. However, in the late sowing trials,
no clear trend was observed. In other words, consistent yield improve-
ments across the last 80 years of breeding were not detected. This sug-
gests that whether genetic gains observed under optimal conditions also
translate to lower-yielding environments may depend on the specific
nature of the stress causing the yield penalty. In this study, the two stress
types we examined were (i) reduced resource availability (rainfed vs.
irrigated) and (ii) altered photothermal conditions due to sowing date
(optimal vs. late). Notably, both the optimal and late sowing plots were
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irrigated and fertilised, so the main stressors in the late sowing trials
were likely environmental signals such as longer photoperiods and
higher temperatures and, in some cultivars, the late sowing also imposed
phenological constraints.

These results would indicate that selection under high-yielding
(resource-rich) conditions can produce cultivars that perform well
even under stress, provided the stress stems from reduced resources.
This aligns with a body of literature showing that modern, high-yielding
cultivars tend to be less stable (i.e., more affected by stress) than older
ones but still outperform them under mild to moderate stress levels
(Araus et al., 2008; Ferrante et al., 2017; Slafer et al., 2021; Slafer and
Araus, 2007). In fact, this lower stability reflects greater responsiveness
to resource availability, and such responsiveness may be a prerequisite
for achieving high yield potential (Calderini and Slafer, 1999; De Vita
et al., 2010; Fufa et al., 2005). Accordingly, many studies report that
yield gains linked to cultivar release year remain consistent across
diverse growing conditions (Acreche et al., 2009; Calderini et al., 1995;
Ferrante et al., 2024; Lopes et al., 2012; Perry and D’Antuono, 1989).
That said, it is also common, as in the present study, for the genetic gains
estimated to be related to the yield condition. Thus, the relative genetic
gains in the yield potential condition and in the rainfed experiment were
rather similar, very much in line with what is frequently reported in the
literature (Beche et al., 2014; Chairi et al., 2018; Chen et al., 2019;
Subira et al., 2015; Welcker et al., 2022). This implies that the genetic
improvement of yield potential frequently brings about benefits under
both high and relatively low availability of resources.

4.2. Traits responsible for genetic gains in yield

Yield gains were exclusively associated with increases in grain
number per unit area in both environments. This was also reported in
most retrospective studies regardless of whether they correspond to
Mediterranean environments (Acreche et al., 2009; Araus et al., 2008;

De Vita et al., 2007; Perry and D’Antuono, 1989; Royo et al., 2007) or to
countries in which wheat is grown under much higher-yielding condi-
tions (Austin et al., 1989; Donmez et al., 2001; Shearman et al., 2005;
Xiao et al., 2012) or under non-Mediterranean stressful environments
(Cox et al., 1988; Lo Valvo et al., 2018; Sayre et al., 1997). This sort of
universal response to breeding for higher yields implies that even
though the average weight of the grains is far more heritable than the
number of grains, genetic gains require the improvement of the
non-heritable but plastic yield component. While heritability is valuable
for genetic improvement, plasticity appears to play a more decisive role
(Sadras and Slafer, 2012). A trait with high heritability but low vari-
ability would offer limited opportunities for further improvement.
Indeed, it has been indicated a negative relationship between plasticity
and heritability for yield components (Sadras, 2024). Furthermore,
there is a trade-off between number of grains per area and the average
grain weight. Several studies have reported that this is not due to
competition among grains, as there is no source limitation (Borras et al.,
2004; Ferrante et al., 2017; Miralles and Slafer, 2007; Slafer and Savin,
1994). Instead, it is linked to the fact that the greater number of grains in
modern cultivars is due to the development of grains in distal positions
of the spikelets with intrinsically lower growth capacity (Acreche and
Slafer, 2006; Calderini et al., 2001; Slafer et al., 2021, 2014).

Genetic gains in grains per m? were chiefly due to improvements in
both the number of grains per spike and fruiting efficiency. It should be
noted here that Pane is an improved cultivar that was introduced in
1950, with a relatively high spike weight for a traditional cultivar. Royo
and Briceno-Félix (2011) and Sanchez-Garcia et al. (2013) reported that
it was a result of intraspecific crosses, leading to an increase in the
number of grains per spike derived from an improvement either in the
number of spikelets per spike or the number of grains per spikelet. Gains
due to improvements in grains per spike were reported many times
under a wide range of environmental conditions (Backhaus et al., 2023;
Perry and D’Antuono, 1989; Philipp et al., 2018; Royo et al., 2007),
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given the increasing efficiency with which juvenile spike growth before
anthesis can be used to establish a certain number of grains (Slafer et al.,
2015). Relationships with fruiting efficiency were less frequently re-
ported as it is a trait far less studied than yield components. However,
previous reports indicating that breeding would have improved this trait
are also available (FElia et al., 2016; Ferrante et al., 2017, 2015; Lazaro
and Abbate, 2012). Indeed, improving fruiting efficiency has been
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Fig. 9. Relationship between grain yield and the grain number per unit land
area for the LLog g (circles) and VApggr (thombuses) experiments. Symbols
correspond to old plus intermediate (closed) and modern cultivars (open).
Vertical lines are the standard error. Asterisks for significance of the coefficients
(**P < 0.01, ***P < 0.001).

reported as an alternative trait to increase wheat yield potential (Slafer
et al., 2015). Furthermore, we found a trade-off between the average
grain weight and fruiting efficiency that has been sometimes observed in
the past (Ferrante et al., 2015, 2012; Terrile et al., 2017) but may not be
constitutive (Curin et al., 2021; Rivera-Amado et al., 2019; Slafer et al.,
2015). In this context, understanding the dynamics of the generation
and degeneration of florets within the juvenile spikes immediately



S.1. Marchese et al.

European Journal of Agronomy 180 (2026) 128258

30 A 30+ B

o

€ ] ] ] (o)

)

2 20- o 20 o

g )

o | ]

€ o

2 4 1

< 0 Q, 0

©

6 1 O R2=0.36* 1 O R?=0.51*

@ R’=0.84* 9 R’=0.83*
o T T T T T T T 1 0 T T T T T T T T T T T 1
0 200 400 600 800 0 10 20 30 40 50 60

Spike number m?

Grain number spike™

Fig. 10. Relationship between either grain number and spike number per unit land area (A) or the grain number per spike (B), when grown in LLog.1r (circles) and
VAosrr (thombuses). Symbols correspond to old plus intermediate cultivars (closed) and modern cultivars (open). Vertical lines are the standard error of the means
(not visible when smaller than the size of the symbols). Asterisks for significance of the coefficients (*P < 0.05, **P < 0.01).

30-A

o

£ ] o]

S

- 201

5 o

T ] [

2

< 10+ o

©

o ] O R?=0.66"

@ R>=0.80*
G T T T T 1
0 40 80 120 160

Fruiting efficiency (grains gspike'1)

60-

. B

=

Ry

g —

e 40 P

£8 —

S

o2 )

o O

DE 20-

1o

o

Z O R=0.52*

@ R>=0.67*
0 T T T T T T T 1
0 40 80 120 160

Fruiting efficiency (grains gspike'1)

Fig. 11. Relationship between either grain number per unit land area (A) and average grain weight (B) and fruiting efficiency for LLogr (circles) and VAos.grr
(rhombuses) environments. Symbols correspond to old plus intermediate cultivars (closed) and modern cultivars (open); Vertical lines are the standard error of
the means (not visible when smaller than the size of the symbols). Asterisks for significance of the coefficients (*P < 0.05, **P < 0.01, ***P < 0.001). Red arrows

point to Pane cultivar (1950) not included in the analysis.

o 60"

c

> 1

(]

=< a0- é

£ £ ‘.%

c ©

50 | *o

o O
20

SE

g’ -

g O R?=0.62*
0 T T T T T 1

0 10 20 30

Grain number (10° m?)

Fig. 12. Relationship between average grain weight and grain number per unit
land area for LLos.1r (circles) and VAps.rr (thombuses) environments. Symbols
correspond to old plus intermediate cultivars (closed) and modern cultivars
(open). Vertical lines are the standard error of the means (not visible when
smaller than the size of the symbols). Asterisks for significance of the co-
efficients (**P < 0.01).

before anthesis and quantifying how breeding has modified these dy-
namics is relevant.

Although in most studies gains in yield are almost exclusively related
to gains in harvest index (Abeledo et al., 2024; Hay, 1995; Martintello
et al., 1987; Reynolds et al., 1999), associated with a reduction in plant
height and greater partitioning during stem elongation to the juvenile

10

spike where floret development is taking place (Miralles et al., 1998), in
the present study gains in both aboveground biomass and harvest index
were related to those in yield. Although less frequent, there were also
other studies with similar results (Donmez et al., 2001; Reynolds et al.,
1999; Shearman et al., 2005). But even when both traits were related to
breeding effects on yield, overall, across the analysed period, genetic
gains in harvest index were more relevant than those in biomass.
However, when focusing on the latest decades, harvest index seemed to
reach a plateau, likely because it is approaching a biological limit
(Fischer and Edmeades, 2010), while biomass gains were still main-
tained in modern cultivars rendering biomass production a potential
avenue for enhancement. Improving growth rates would enable effec-
tive yield gains to be maintained, given the negligible progress observed
in recent years at the levels shown in this study.

In conclusion, genetic improvement of wheat yield in Spain during
the 20th century was primarily associated with an increase in the
number of grains per unit area. This increase was largely driven by
improved spike fertility and fruiting efficiency. The study also revealed a
concerning lack of clear yield gains in more recent decades. Expression
of genetic gains depended on the nature of the stress imposed: breeding
progress seen under irrigation remained evident under rainfed condi-
tions, but was not expressed under late sowing. These results suggest
that the physiological traits underpinning yield improvement can be
expressed across a range of resource availabilities, but that their
expression becomes more constrained when environmental conditions
substantially modify crop development.
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