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Abstract  30 

Farmers in northern latitudes face significant risks because of low temperatures and water shortage when 31 

attempting to benefit from climate warming by expanding maize for grain. The study was aimed to investigate 32 

maize development and suitability of two models to simulate maize growth in a cool climate. 33 

Field experiments were conducted at the Lithuanian Research Centre for Agriculture and Forestry on sandy loam 34 

soil. Management was performed to guarantee optimum growth. The AquaCrop and AgroC models were 35 

calibrated and validated using the data sets from 2015 (cool/dry season) and 2016 (warm/wet), respectively.  36 

Both models provided adequate results in terms of simulating total above-ground biomass, grain yield, canopy 37 

cover, and soil water content. Grain yield losses due to abiotic stress (low temperature and water shortage) 38 

simulated with AquaCrop were 3.41 t ha-1 in cool/dry and 2.02 t ha-1 in warm/wet seasons and for AgroC 4.32 39 

and 2.84 t ha-1, respectively. 40 

Maize grain yield above 9 t ha-1 (dry weight) was obtained under favourable temperature and rainfall regime in 41 

nemoral climate. Low air temperature, is the main factor defining yield losses, while the water stress, which 42 

occurs occasionally, is of secondary importance.  43 

 44 

Keywords: AgroC, AquaCrop, Potential yield, Temperature stress, Water stress. 45 

46 
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1. Introduction  47 

Three-quarters of the global maize production is concentrated in warm climate regions: mainly in the American 48 

Midwestern, Central Mexico, Southern Brazil, the maize belts of Argentina and China, parts of Western Europe, 49 

South Africa, and some areas of India and Indonesia (Ray et al. 2015). In general, maize production is still 50 

expanding due to an increasing market and an increasing interest in maize for non-food use (e.g., bioenergy and 51 

sugar production). Therefore, it is predicted that by 2050 maize prices will significantly increase and the maize 52 

demand will double in the rapidly developing world (Rosegrant et al. 2009). However, climate projections for 53 

the 21st century suggest that precipitation and available soil water content for maize production will decrease in 54 

many parts of the world’s grain maize production regions such as Northern Brazil, North and South Africa. On 55 

the other hand, the predicted increase of precipitation and air temperature for higher northern latitudes (Fraser et 56 

al. 2013) might stimulate grain maize production in these regions. 57 

Climate change, new varieties, and growing demand for grain maize have encouraged the expansion of grain 58 

maize cultivation outside the traditional zones such as regions of cooler climate (Soane et al. 2012; Spiertz 59 

2014). In the Nordic-Baltic countries, successful maize forage production is possible to at least 58°N. Currently, 60 

only a minor proportion of maize is harvested as grain maize in Denmark, Lithuania, and Sweden (Swensson 61 

2014). At present, the main limitations of maize growing for grain production in Northern Europe are the short 62 

growing seasons, early and late frosts, and the variability of precipitation at sowing and harvesting, as well as the 63 

occurrence of drought within the vegetation period. As a consequence of climate change, a reduction in frost risk 64 

in this region is expected, associated with more frequent and severe drought periods (Olesen et al. 2011). 65 

As stated above, short vegetation periods and lower temperatures are critical environmental conditions for maize 66 

growing in high northern latitudes and the tolerance to lower temperatures has been a serious issue for a long 67 

time. However, short-cycle varieties have facilitated cultivation under low temperature conditions (Riva-Roveda 68 

et al. 2016).  69 

Most experiments analysing cold stress have been conducted in controlled environments and have helped to 70 

unravel the effect of temperature on plant development (phenology), plant growth, and leaf photosynthesis. 71 

Nevertheless, the results concerning the base temperature for maize are ambiguous. According to Sanchez 72 

(2014), the minimal average temperature for maize growth and development is 6.2 °C, whereas other authors 73 

have stated that it is 8 °C (Fischer et al. 2014). On the other hand, some specific effects of temperature, such as 74 

the timing of cold stress or feedback with other stress factors (e.g., water, nutrients, and pest stress), can only be 75 

analysed in the field when separating different processes adversely affecting the plant. 76 

Another issue related to maize cultivation is water stress. In Europe, drought is not restricted to the 77 

Mediterranean region; it can also occur in high and low rainfall areas across Europe and in any season. One 78 

extreme example is the summer drought in 2003, which resulted in the warmest temperatures on record in 79 

Central Europe since 1500 (Luterbacher et al. 2004), giving rise to massive declines in crop yield (Fink et al. 80 
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2004). Even though large areas of Europe will face moderate to extreme drought conditions in the future, a shift 81 

towards wetter conditions is estimated for Northeast Europe (Lloyd-Hughes et al. 2002), favouring agricultural 82 

productivity. Nevertheless, drought might play an important role in crop production in single dry years. 83 

The study of Ray et al. (2015) suggested that for the last three decades, growing season temperatures and 84 

precipitation can explain ~22% (~0.9 tons ha-1 year-1) or more of year to year variations in global average maize 85 

yield. Moreover, yield variations are mostly greater in the areas of lower yields. A study in France (Ceglar et al. 86 

2016) highlighted remarkable spatial differences in the contribution of the main meteorological drivers to crop 87 

yield variability. Temperature and global solar radiation was identified as the most important variables 88 

influencing grain maize yields over Southern, Eastern, and Northern France, while rainfall variability dominates 89 

yield over the central and north-western parts of the country. 90 

Because cold temperatures and water stress impact grain maize yield in northern regions and little is known 91 

about potential yields and adaptation to climate change, more research is needed to provide data for policy 92 

makers and farmers. Crop models are generally available for major crops like maize. This enables the simulation 93 

of potential yields accounting for variations in meteorological conditions across years and regions as well as 94 

major interactions among crops, weather, soil, and management (van Ittersum et al. 2013). Despite the potential 95 

grain maize expansion to northern regions in the near future, there is still a lack of experimental data, especially 96 

in boreal regions (Chung et al. 2014). Nevertheless, the separation of the effects of cold stress and water stress in 97 

an experimental way is tedious and expensive. Crop models provide the means to capture spatial and temporal 98 

variation in crop development and yield in response to cold stress and water stress, given that calibration and 99 

validation data is available. For example, Salo et al. (2016) performed a large crop model inter-comparison 100 

based on eleven widely used crop simulation models simulating spring barley under boreal climate and noticed 101 

that specific weather events, such as low temperature and high precipitation, were not properly accounted for in 102 

their study.  103 

In comparison to Salo et al. (2016) we only run the simulation using two different models, namely the AgroC 104 

and the AquaCrop model. Hereby, the AgroC model was chosen because of its physically-based soil water 105 

module, which might be potentially superior compared to classical water bucket models implemented in most 106 

crop growth models, to simulate maize growth under water stress conditions. Unlike the previously mentioned 107 

model, AquaCrop is rather simple model with a bucket type soil water module but a comparable crop growth 108 

routine as most models used in Salo et al. (2016). Additionally, due to its graphical user interface AquaCrop is 109 

intended mostly for practitioners e.g. farmers, technicians, and policy makers.  110 

The aims of this study are i) to provide data from a comprehensive grain maize experiment in the northern 111 

latitudes with contrasting climatic conditions within the years, ii) to test the ability of two crop growth models 112 

with varying complexity to simulate maize growth at this location, and iii) to disentangle and quantify the 113 

confounding impact of cold and water stress. 114 
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2. Materials and methods  115 

          2.1. Site description 116 

The maize field experiments (Zea mays L.) were carried out at the Lithuanian Research Centre for Agriculture 117 

and Forestry located in Akademija, Central Lithuania (55°39  N, 23°86  E) (see Fig. 1). 118 

 119 
 120 
Fig. 1 Location of the experimental sites of the Lithuanian Research Centre for Agriculture and Forestry in Akademija for 121 
the years 2015–2016. 122 
 123 
The area is typical for the intensive cash crop production regions in Lithuania. The climate is humid continental 124 

with warm summers and rather severe winters, which is classified as Dfb, according to the Köppen climate 125 

classification (Kottek et al. 2006) with an average annual precipitation of 557 mm and a mean annual air 126 

temperature of 7 °C (mean values over 30 year period 1981–2010). The main soil is Hypocalcic Stagnic Luvisol 127 

(Loamic, Drainic) (WRB 2014), which is the predominant soil type in Lithuania. The soil texture of the 128 

experimental site is sandy loam with a humus content of about 1.8%. The main soil agrochemical characteristics 129 

are presented in Table 1. Groundwater levels are rather deep to the surface and fluctuated between 194 and 289 130 

cm below the surface over the growing season. 131 

 132 

 133 

 134 
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Table 1 Soil characteristics and management 135 

  2015 2016 

Soil (FAO classification) Hypocalcic Stagnic Luvisol  Hypocalcic Stagnic Luvisol  

Soil pHKCl (1 N KCl extraction) 6.85 6.70 

Soil P2O5 (mg kg-1) (Egner-Riehm-Domingo (A–L)) 154 129 

Soil K2O (mg kg-1) (Egner-Riehm-Domingo (A–L)) 138 140 

Soil humus (%) (Tjurin) 1.86 1.80 

Soil N total (%) (Kjeldahl) 0.109 0.110 

Previous crop Spring rape Spring rape 

Maize cultivar AGIRAXX (FAO 190)  AGIRAXX (FAO 190)  

Maize seeding dates, row spacing, plant spacing 8 May 2015, 0.75 m, 0.18 m 10 May 2016, 0.75 m, 0.18 m 

Maize density 7 plants m-2 (70,000 plants ha-1) 7 plants m-2 (70,000 plants ha-1) 

Plot size 3 × 10 m 3 × 10 m 

Maize fertilization (kg ha-1) 

No fertilization, Ammonium nitrate 90, 
170 kg N 

(5 May 2015) 

No fertilization, Ammonium nitrate 90, 
170 kg N 

 (9 May 2016) 

Weed control in maize 
Herbicide MAISTER OD rate 1.7 l ha-1 
(growth stage V2–V6) 

Herbicide MAISTER OD rate 1.7 l ha-1 
(growth stage V2–V6) 

Maize harvesting 12 October 2015 10 October 2016 

 136 

Soil nutrient status was assessed each year before maize seeding. For the analysis, composite soil samples were 137 

taken from a depth of 0–20 cm from 12 different locations within the field, and soil pH, humus content, total 138 

nitrogen (Ntotal), plant available phosphorus (P2O5), and potassium (K2O) content were analysed. All soil 139 

chemical analyses were conducted in the Agrochemical Research Laboratory of the Lithuanian Research Centre 140 

for Agriculture and Forestry in Kaunas. In 2017, soil hydraulic properties of one field were determined using the 141 

HYPROP® (UMS, München, Germany) method as described by Schindler et al. (2010) in combination with the 142 

WP4® Dewpoint Potentiometer (Decagon Devices, WA, USA). Saturated hydraulic conductivity, Ksat, was 143 

measured using the KSAT system from UMS (München, Germany). For all measurements, 10 undisturbed soil 144 

samples of 250 cm3 were extracted from the major soil horizons at depths of 15–20, 40–45, 70–75, 90–95, and 145 

120–125 cm. 146 

          2.2. Maize experiments 147 

The early season maize hybrid (characterized as FAO 190) – AGIRAXX was grown in the years 2015 and 2016, 148 

respectively. The short season maize variety was bred in France by the RAGT seed company (Saffron Walden, 149 

UK). It was selected because of the early maturity and suitability to the region of interest. This hybrid is 150 

characterized by a high amount of dry matter allocation to the grains combined with a slow leaf senescence rate. 151 

The maize was grown after conventional tillage. Fertilizers were applied manually according to the protocol of 152 
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the experiment and incorporated into the soil before maize drilling. Amounts of fertilizer and pesticide used are 153 

documented in Table 1. The day after fertilization, maize was sown at a density of 7 plants m-2 (70,000 plants ha-154 
1) at a depth of 6–8 cm; the maize was sown when the soil temperature reached 8–10 °C. Harvest was performed 155 

manually after the first autumn frosts. 156 

2.3. Experimental set up 157 

The experimental design for the two years included three treatments with different nitrogen fertilizer levels: no 158 

fertilization (N 0), 90 kg ha-1 (N 90), and 170 kg ha-1 (N 170). Treatments were arranged in four randomized 159 

blocks with a total plot size of 30 m2, whereby only the inner parts of the plots (12 m2), were harvested. In this 160 

study, where the effect of low temperatures and water stress was analysed, we concentrated on the N 170 plots 161 

with mineral fertilization to ensure optimal (no nutrient limited) growth. Individual experimental plots consisted 162 

of four rows, 10 m in width and 3 m in length with 0.75 m rows and 0.18 m plant spacing. Two center rows were 163 

used for plant observations and measurements. 164 

2.4. Plant measurements 165 

During the maize vegetation period, the stages of crop development were recorded weekly. Vegetative and 166 

reproductive development stages were determined on the entire treatment when 50% or more of the plants were 167 

at a particular development stage. The Leaf Collar method (Ritchie et al. 1986) was used to assess the 168 

development of vegetation stages, while reproductive stages are based on established visual indicators of kernel 169 

development. The leaf area (cm2 cm-2) was measured five times during the growing season using a CL 203 170 

Handheld Leaf Area meter (CID ® Inc, WA, USA), from which the leaf area index (LAI) was calculated. When 171 

converting LAI into green canopy cover (CC), an exponential function according to Hsiao et al. (2009) was used 172 

(Equation 1). 173 

CC = 100.5 [1 - exp (- 0.60 LAI)]1.2               [1] 174 

To evaluate total plant biomass, five plants were sampled from each plot. In general, 20 randomly selected plants 175 

from each treatment were selected for each growth stage: V8 (vegetative leaf stage 8), V14 (vegetative leaf stage 176 

12), R1 (reproductive silking), R3 (reproductive milking), and R6 (physiological maturity). The plants were 177 

separated into five components: leaf (leaf blades), stalk (stalk and leaf sheaths), reproductive (cob and husk), 178 

tassel, and grain for biomass determination. Therefore, the individual maize components were weighed (fresh 179 

mass weight) and dried until constant weight at 65±5 °C (dry mass weight). Finally, crop biomass and grain 180 

yield were determined by harvesting all plants from an area of 8 x 1.5 = 12 m2 (77–89 plants). Samples were 181 

taken from all the replicates and oven dried at 65±5 °C until constant weight to obtain dry biomass and yield 182 

weight.  183 

2.5. Soil water content and climatic data 184 
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overview of the parameters used for calibration in AquaCrop is given in Table S2 and Table 3. It should be noted 274 

that, during the field survey, a soil profile with seven horizons was detected; however, AquaCrop can only 275 

account for five soil horizons in contrast to AgroC, which is not limited in that respect. Thus, we reduced the 276 

number of soil horizons to five by merging morphologically similar horizons in order to ensure comparable 277 

simulations results. First, the B- - -278 

 (> 2 mm) differed between the two 279 

horizons. Similarly, the Ckg- - -horizon 280 

281 

stagnation in the Ckg-horizon.  282 

Soil hydraulic parameters such as permanent wilting point (PWP), field capacity (FC), volumetric water content 283 

or saturation ( s or SAT), and saturated hydraulic conductivity (Ksat) were calculated from the retention curve 284 

measured by the HYPROP® data, whereby FC was assumed to be the water content at a pressure head of pF 2.2 285 

158.5 cm. Additionally, the AgroC calibrated Ksat was used. 286 

For both models, the same meteorological data were used for the two consecutive years 2015 and 2016. In 287 

simulating yield potential in both models, it is assumed that all factors (temperature, water content in soil, 288 

fertilization, management) are non-limiting for optimal grain maize growth and development. For the calculation 289 

of yield potential in AgroC, the base temperature was set to 0 °C, and the reduction factor of the maximal light 290 

assimilation rate was set to 1 (no reduction due to low temperature). The water stress in the model was turned 291 

off. For the yield potential calculation in AquaCrop, cold stress, which is characterized as affected crop 292 

transpiration, was not considered as well as water stress. 293 

3. Results  294 

          3.1. Field observations 295 

During the two years of the experiment, the maize growing period was quite similar, with 158 growing days in 296 

2015 and 156 days in 2016. Irrespective of the nearly similar growing period over the two years, grain yield 297 

differed substantially, with 6.85 ± 0.20 and 9.02 ± 0.71 t ha-1 for 2015 and 2016, respectively, indicating that the 298 

overall environmental conditions were contrasting between the years. The key differences were the average air 299 

temperature and the amount of precipitation during the vegetation period. In 2015, the average air temperature 300 

from 8th May to 12th October was 14.7 °C (sum of GDD, 1193 C), which was almost the same as the climatic 301 

normal but close to the minimum value of the 2000–2016 period. In 2016, the average temperature for the period 302 

from 10th May to 10th October was slightly higher, with 15.9 °C (sum of GDD, 1340 C), which was close to the 303 

maximum value for the 2000–2016 period. The higher air temperature in 2016 resulted in faster development of 304 

the plants, especially in the vegetative stage, which was approximately more than 10 days shorter than in 2015 305 

(Table 2). It should be noted that at the beginning of June (V5 growth stage), the leaves turned purple in the 306 
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majority of maize plants (50–70%) in both years. It is likely that the change to purple colour was caused by a 307 

change of the leave pigments (anthocyanin) as a genetic response of the early hybrid variety to cool nights, 308 

because during that period air temperatures dropped below 8 °C. Approximately 14 to 18 days later, the leaves 309 

fully recovered to a green colour and no further growth effects were detected. Additionally, soil moisture 310 

conditions during the maize growing seasons were also contrasting. In 2015, the precipitation sum over the 311 

maize growing period was only 194.2 mm, while 378.4 mm were recorded in 2016. In particular, the dry August 312 

in 2015, with only 5.6 mm of precipitation, influenced and slowed down maize growth during the R1 growing 313 

stage, whereby the lowest three to four leaves started to turn brown until they finally withered. On the other 314 

hand, the weather conditions in 2016 were favourable for maize growth in terms of temperature and rainfall 315 

regime, which could become typical for Lithuania in the forthcoming decades due to climate change. In contrast, 316 

the relatively cool and droughty weather conditions recorded in 2015 are typical for the current Lithuanian 317 

climate. In the following text, the season of 2015 is referred to as ‘cool and dry’ and the season of 2016 as ‘warm 318 

and wet’. 319 

Table 2 Maize growing stages and growing degree days (GDD °C) for the growing seasons 2015–2016 320 
      Growth Stage 

  Year VE V2 V5 V10 VT/R1 R2 R6 

  

Days after planting 
        

2015 14 21 36 64 88 118 158 
2016 11 18 26 55 77 109 156 

 

GDD (°C) 2015 41 76 164 408 615 966 1193 
2016 53 106 208 482 702 1032 1340 

Vegetative stages: VE – emergence, Vn – nth leaf, VT – tasseling; Reproductive stages: R1 – silking, R2 – blister, R6 – 321 
physiological maturity 322 

 323 

3.2. Soil data and hydraulic properties 324 

A pronounced vertical heterogeneity of soil texture was found at the test site. In general, the sand content 325 

increases from the Ap-horizon (sand = 55%) to more than 70% in the underlying E-horizon. Below that, the Bt-326 

horizon is lower in sand content (35%) before it increases again to more than 54% in the B- and Ck-horizons. 327 

Accordingly, the silt content varies between the horizons but to a lesser extent, and therefore clay is also quite 328 

variable over depths with the highest clay contents in the Bt-horizon (29.3%) and the lowest in the E-horizon 329 

(6.2%) (Table 3). 330 

The characterization of the soil profile in terms of hydraulic properties is relevant, since the estimated water 331 

stress is related to these properties. Furthermore, a sound estimation of the water stress is required to 332 

quantitatively separate the effects of water stress and cold stress. Volumetric soil water contents were measured 333 
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occasionally in both years at three depths (10, 30 and 60 cm). The largest changes in SWC were observed for the 334 

10 cm soil layer (Fig. 2), which was expected because this layer is exposed to the atmosphere with resultant 335 

precipitation and evaporation. The estimated Mualem-van Genuchten parameters that form the HYPROP® data 336 

are listed in Table 4. The saturated water content, s, increases from 0.30 cm3 cm-3 in the Ap-horizon to 0.34 cm3 337 

cm-3 in the underlying E-, Bt-, and B-horizons and declines substantially to 0.25 cm3 cm-3 in the compact Ck-338 

horizon. The larger porosity or saturated volumetric water content in the E-horizon can be explained by the 339 

larger sand fraction and in the Bt- and B-horizon by a secondary pore structure due to aggregation effects. In 340 

contrast, the Ap-horizon showed intermediate sand contents, and the secondary pore structure might have been 341 

destroyed due to the tillage and management practice. Because FC and PWP are calculated from the retention 342 

curve, compared to s the same tendencies over depth were observed with a lower FC in the Ap-horizon and 343 

larger values in the E-, Bt-, and B-horizons. Again, the Ck-horizon showed the lowest FC.  344 

Table 3 Soil horizons, texture, and hydraulic properties of the field experiments 345 

Horizon 
description 

  Particle size %   
Textural class 

  Bulk 
density  
g cm-3 

  SWC (cm3 cm-3) at   TAW      
cm3 cm-3 

  Ksat          cm 
day-1 

 
Sand Silt Clay 

   
PWP FC SAT 

  
Ap (0–0.30 m) 

 
55 31.9 13.1 

 
Sandy loam 

 
1.81 

 
0.023 0.289 0.300 

 
0.277 

 
0.6 

E (0.30–0.60 m) 
 

70.4 23.4 6.2 
 

Sandy loam 
 

1.70 
 

0.069 0.354 0.358 
 

0.289 
 

2.2 

Bt (0.60–0.80 m) 
 

35 35.7 29.3 
 

Clay loam 
 

1.73 
 

0.122 0.317 0.342 
 

0.220 
 

6.1 

B (0.80–1.10 m) 
 

57.5 22.6 19.9 
 

Sandy loam 
 

1.68 
 

0.083 0.343 0.351 
 

0.268 
 

62.0 

Ck (1.10–1.55 m)   54.4 31.6 14   Sandy loam   1.96   0.062 0.234 0.245   0.183   3.2 

SWC = soil water content; PWP = permanent wilting point; FC = field capacity; SAT = saturation; TAW = total available 346 
water; Ksat = saturated hydraulic conductivity; horizon description: Ap = mineral surface horizon with an accumulation of 347 
humified organic matter; E= mineral horizon in which the main features is loss of silicate clay; Bt = mineral illuval horizon 348 
with accumulation of silicate clay; B – mineral illuval horizon, Ck = initial horizon with accumulation of pedogenetic 349 
carbonates.  350 

 351 

3.3. Models calibration and validation 352 

3.3.1. Soil Water Content 353 

 354 

 355 

 356 

 357 
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358 

 359 

 360 
 361 

Fig. 2 Comparison between observed (dots) and simulated (lines) volumetric soil water content,  (cm3 cm-3) at 10, 30 and 362 
60 cm depths. SAT is the saturated water content, WP is the wilting point, and SAT-WP is the plant available water (all in 363 
cm3 cm-3). 364 
 365 
The measured SWC for the three depths and the two experimental periods (2015 and 2016) are depicted in Fig. 366 

2. Additionally, the SWC estimated by AquaCrop and AgroC is shown. AgroC matched the SWC dynamics 367 

quite well for both years for the measurements at 10 and 30 cm depths in the dry and wet seasons. In contrast, 368 

the AquaCrop model underestimated SWC at 10 and 30 cm depths. Although both models produced SWC levels 369 
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similar to the measurements, some peaks of soil moisture were not captured in the lower profile at the 60 cm 370 

depth. Over the dry season in 2015, AquaCrop simulated higher SWC during the vegetation stage (VE–V8 371 

stages) and lower SWC during the reproductive stage (R1–R2), whereas the AgroC model overestimated SWC 372 

during the entire growing season of 2015. It can also be seen that in the wet season 2016 the measured SWC at 373 

the 60 cm depth varied over a small range during the vegetation period, which is in contrast to the modelling 374 

results, where pronounced variations were estimated.  375 

The statistical measures, R2 and RMSE, showed that the SWC simulated by AgroC were slightly better at 10 and 376 

30 cm depths in both years in comparison to the AquaCrop model (Table 5). The calculated error for the AgroC 377 

model for the calibration period (2015) was quite low and increased on average only slightly for the validation 378 

period (2016). For the validation period, the RMSE for 60 cm depth even decreased. The RMSE values for 379 

AquaCrop model were higher than for AgroC for the calibration period (except 60 cm depth) and for the 380 

validation period. The calculated R2 values were quite similar to those of the AgroC model, with 0.41 to 0.78 in 381 

2015, and 0.53 to 0.66 in 2016. In general, the results listed in Table 5 and the visual inspection of Fig. 2 indicate 382 

that the AgroC estimates of the soil water content variations are slightly more in agreement with the 383 

measurements.  384 

Table 4 Soil hydraulic properties ( r = residual water content; s = saturated water content;  = inverse air entry pressure; n 385 
= shape parameter; Ksat = saturated hydraulic conductivity) 386 

Horizon description 
  Thickness 

(m)  
r   s     n   Ksat 

    (cm3 cm-3)   (cm3 cm-3)   (cm-1)   (-)   (cm day-1) 
Ap 

 
0–0.30 

 
0.000023 

 
0.300 

 
0.0016 

 
1.78 

 
0.6 

E 
 

0.30–0.60 
 

0.000020 
 

0.358 
 

0.0007 
 

1.68 
 

2.2 
Bt 

 
0.60–0.80 

 
0.000010 

 
0.342 

 
0.0034 

 
1.26 

 
6.1 

B 
 

0.80–1.10 
 

0.000184 
 

0.351 
 

0.0011 
 

1.51 
 

62.0 
Ck 

 
1.10–1.55 

 
0.000011 

 
0.245 

 
0.0019 

 
1.41 

 
3.2 

3.3.2. Canopy cover 387 

 388 

Fig. 3 Comparison between the observed (dots) and simulated (lines) canopy cover for the two contrasting maize growing 389 
seasons 2015 (calibrated) and 2016 (validation). 390 
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The agreement between the simulated and observed canopy cover (CC) for the two contrasting maize growing 391 

periods are presented in Fig. 3 and Table 5. AquaCrop is characterized by the fact that it does not simulate LAI, 392 

and therefore the foliage development is expressed as CC, the fraction of the soil surface covered by the canopy, 393 

whereas for AgroC model, CC was converted according to Equation 1 using the simulated LAI. Without model 394 

calibration (using default plant parameters), the simulated CC provided much lower values than the measured 395 

CC for both models. The reason for the mismatch can be found in the phenological response of maize to the 396 

specific environmental conditions, particularly to the impact of climatic factors, such as temperature, 397 

precipitation, and light (Liu et al. 2013). With increasing latitudes, the sum of GDD required for maize to reach a 398 

specific crop development stage is much lower, as standard default values might suggest, due to the early season 399 

varieties planted. Therefore, plant-specific parameters had to be adjusted considerably for adequate CC 400 

simulations. After calibration for the year 2015, both models showed much better prediction of the CC for both 401 

periods, whereby the AgroC model simulated higher CC percentages than observed at the beginning of each 402 

maize vegetation period. In comparison, the AquaCrop simulated CC was lower than observed for the year 2015 403 

and matched the observation in 2016. For later growing stages, both models were able to capture the CC 404 

development in the year 2015, whereby AgroC was slightly closer to the observations than AquaCrop. Only for 405 

the last measurement in 2015 CC was substantially underestimated by AgroC, whereas AquaCrop was in 406 

agreement with the measurements. This changed for 2016, where AgroC was able to match the last 407 

measurement, whereas AquaCrop could not, but AgroC dropped down from a higher level of CC for the mid-408 

season. Basically, both models simulated the seasonal trends in CC fairly well, whereby for AquaCrop the 409 

RMSE for the dry and wet seasons were 7.0 and 4.0% (R2 = 0.99 and 0.97), respectively, and for AgroC the 410 

RMSE was slightly higher with 11.7 and 17.0% (R2 = 0.71 to 0.76). 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

 421 

 422 
 423 
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Table 5 Statistical values between the simulated vs. measured data for the calibration and the validation period for rainfed 424 
maize at Akademija 425 

Parameters Observed   Simulated   RMSE   R2 

 
AgroC AquaCrop   AgroC AquaCrop   AgroC AquaCrop 

Calibration period 

CC (%) 
     

11.7 7.02 
 

0.71 0.99 

TAB (t ha-1) 14.53±0.65  
 

15.27 14.05 
 

0.86 0.69 
 

0.97 0.98 

Leaf (t ha-1) 1.21±0.18 
 

1.99  
 

0.53  
 

0.69  

Stalk (t ha-1) 2.37±0.21 
 

3.54  
 

0.79  
 

0.56  

Storage organs (t ha-1) 4.1±0.38 
 

2.81  
 

0.96  
 

0.95  

Grain yield (t ha-1) 6.85±0.59  
 

6.93 6.90 
 

0.44 1.01 
 

0.98 0.92 

SWC at 10 cm (cm3 cm-3) 
     

0.023 0.032 
 

0.61 0.52 

SWC at 30 cm (cm3 cm-3) 
     

0.016 0.021 
 

0.48 0.41 

SWC at 60 cm (cm3 cm-3)           0.026 0.012   0.58 0.78 

Validation period 

CC (%) 
     

17.02 4.01 
 

0.76 0.97 

TAB (t ha-1) 18.52 ± 0.75 
 

18.97 18.02 
 

0.54 1.33 
 

0.99 0.97 

Leaf (t ha-1) 2.26 ± 0.16  
 

2.51  
 

0.68  
 

0.86  

Stalk (t ha-1) 4.56 ± 0.44  
 

4.52  
 

0.42  
 

0.91  

Storage organs (t ha-1) 2.68 ± 0.41  
 

2.93  
 

0.61  
 

0.31  

Grain yield (t ha-1) 9.02 ± 0.71  
 

9.01 8.93 
 

0.35 0.89 
 

0.99 0.98 

SWC at 10 cm (cm3 cm-3) 
     

0.031 0.056 
 

0.78 0.53 

SWC at 30 cm (cm3 cm-3) 
     

0.018 0.023 
 

0.69 0.66 

SWC at 60 cm (cm3 cm-3)           0.017 0.019   0.54 0.55 

CC = canopy cover; TAB = total aboveground biomass; SWC = soil water content. 426 

 427 

3.3.3. Partitioning of total above-ground biomass and grain yield 428 

The measured TAB in dry matter weight along with the simulated TABs from AquaCrop and AgroC are 429 

presented in Fig. 4 for the two maize growing seasons 2015 and 2016. Both models reproduced the total above-430 

ground biomass development over time quite well. In 2015, the RMSE for AquaCrop was 0.69 t ha-1 (R2 = 0.98) 431 

and for AgroC the RMSE was slightly larger with 0.86 t ha-1 (R2 = 0.97). In 2016, the corresponding values were 432 

1.33 t ha-1 (R2 = 0.97) and 0.54 t ha-1 (R2 = 0.99) for AquaCrop and AgroC, respectively, indicating a better 433 

correspondence for AgroC for the validation period compared to the calibration period. In 2015, at harvest, the 434 

observed TAB was 14.53 ± 0.65 t ha-1, which was slightly underestimated by AquaCrop, with a simulated TAB 435 

of 14.05 t ha-1 (3.3% underestimation) and slightly overestimated by AgroC, with a simulated value of 15.27 t 436 

ha-1 (5.1% overestimation). In the more favourable season for maize growth in 2016, the observed biomass was 437 
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18.52 ± 0.75 t ha-1, which was again slightly underestimated by 2.7% by AquaCrop (18.02 t ha-1) and 438 

overestimated by 2.4% by AgroC (18.97 t ha-1). Grain yields observed from field experiments in the dry season 439 

of 2015 and the wet season of 2016 were 6.85 ± 0.59 and 9.02 ± 0.71 t ha-1, respectively (Table 5). Similarly to 440 

the total above-ground biomass measurements, grain yield differences between the two contrasting seasons were 441 

evident and can be partly explained by high rainfall, particularly during the grain filling stages, and a higher sum 442 

of GDD in 2016. This indicates that the climatic conditions, mainly water availability, plays an important role in 443 

this region for maize growth. In both seasons, grain yield simulated with AgroC (6.93 t ha-1 in 2015 and 9.01 t 444 

ha-1 in 2016) was slightly higher than those simulated by AquaCrop (6.90 t ha-1 in 2015 and 8.93 t ha-1 in 2016). 445 

Despite rather contrasting growing conditions, the performance of both models in terms of simulation of total 446 

above-ground biomass and grain yield can be considered as reasonably well. Unfortunately, AquaCrop does not 447 

provide further insight of the development of different organs (e.g., stem, leaves) over the growing season, 448 

whereas AgroC provides detailed information of the different maize organs, which helps to identify model 449 

parameters of the maize variety planted in the experiment. Under favourable growing conditions in 2016, the 450 

observed final weights of observed biomass components corresponded quite well with the AgroC simulated 451 

results. The observed leaf weight (on dry mass basis) was 2.26 ± 0.16 t ha-1 and the simulated weight was 2.51 t 452 

ha-1. The observed stalk weight was 4.56 ± 0.44 t ha-1, corresponding to a simulation result of 4.52 t ha-1. The 453 

weight of the storage organs (cob) was 2.68 ± 0.41 t ha-1 and AgroC predicted 2.93 t ha-1. Unfortunately, in the 454 

unusually dry season of 2015, the correspondence between observed and simulated values of final weights of 455 

individual components was not as good as in 2016. In 2015, the weight of maize leaf blades reached the 456 

maximum at the end of the vegetative period in August and started to decrease steadily due to increasing water 457 

shortage. At the VT growth stage, the lowest 2 to 4 plant leaves lost their green colour and withered, and thus 458 

their weights were not included to the total leaf weight. On the other hand, in 2016, the soil moisture availability 459 

was adequate to crop requirements and the leaves kept their green colour and did not wither. Therefore, their 460 

total weight did not decrease until the end of the growing period. In 2015, the weight of the stalk reached the 461 

maximum at the beginning of the reproductive period at the end of August, and then started to decrease steadily, 462 

probably due to reallocation of carbon and nitrogen compounds from the stalk to the developing ear, whereas, in 463 

2016, the stalk and leaf weights did not decrease. In the wet season of 2016, the share of storage organs (cob, 464 

husk) in the total biomass was only 14.5%, whereas in the dry season of 2015 it was much larger, with 28.3%. 465 

This may be explained by the fact that in 2015 the majority of plants produced several cobs. However, only one 466 

cob per plant reached an adequate size and physiological maturity. We added non-matured cobs to the sum of 467 

storage organs. These separate inconsistencies of biomass components could not be reproduced by the AgroC 468 

simulation, which were only based on the differences in meteorological conditions in those contrasting seasons 469 

and do not include compensation effects between organs or the loss of leaves after withering due to water stress 470 

conditions. 471 



19 
 

 472 
Fig. 4 Comparison between observed (dots) and simulated (lines) total above-ground biomass (TAB) and grain as dry 473 
matter for the seasons 2015 (calibrated) and 2016 (validation). 474 
 475 

3.4. Cold stress and water stress 476 

The results of water stress simulation in the two contrasting growing seasons for both models are shown in Fig. 477 

5. In both years, the occurrence of water stress and its intensity reflect the precipitation distribution over the 478 

growing season. In 2015, during the vegetative stage, the amount of precipitation was 126.8 mm, thus only a 479 

temporary water shortage occurred during the maize development period. The comparison of simulated water 480 

stress intensity suggests that the two models provided comparable results but interpreted the occurrence of water 481 

stress in somewhat different ways. AquaCrop results indicated mild water stress during emergence-tasselling 482 

stage (VE–VT growing stages), expressing it as up to 12% reduction in leaf expansion. Water stress simulated 483 

by the AgroC model, which is defined as the ratio between actual and potential transpiration, was within the 484 

range of 0–27%. Precipitation during the reproductive stage was as low as 67.4 mm causing significant water 485 

shortage in maize. Both models provided a similar pattern of water stress occurrence with peaks at the R2 stage 486 

and comparable scores of stress intensity (~42% in AquaCrop and ~49% in AgroC).  487 

In 2016, the amount of precipitation was adequate during the entire maize growing cycle (211 mm in the 488 

vegetative and 167.4 mm in the reproductive stage), thus only mild water stress occurred occasionally. During 489 

the vegetative period, the AquaCrop model indicated up to 11% water stress mainly at early growth stages, 490 

whereas AgroC simulated somewhat higher levels of water stress (2–30%). During the reproductive period, no 491 

water stress was predicted by the AquaCrop model and only short episodes of mild water stress were simulated 492 

by the AgroC model (0–11.3%). 493 

In the next step, the simulated yield for the two contrasting years was compared to potential yield without water 494 

stress. The grain yield losses due to water shortage in 2015 were substantial. AquaCrop indicated a yield gap 495 

between potential and actual yield of 0.81 t ha-1, and AgroC estimated an even larger gap of 1.93 t ha-1 (Table 6). 496 

Even in the growing period with favourable climatic conditions (2016), grain yield losses due to water shortage 497 
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were still detectable but clearly lower than in the dry year of 2015. The calculated yield gaps for AquaCrop and 498 

AgroC were 0.48 and 0.94 t ha-1, respectively. 499 

 500 

 501 
Fig. 5 Estimated water stress intensity using AquaCrop (left) and AgroC (right) models in two contrasting growing seasons 502 
 503 
As expected for these high latitude regions, low air temperature (lower than 8 °C) can be an important limiting 504 

factor of maize growth and development. In 2015, days with average temperature below 8 °C accounted for 28.2 505 

and 24.6% of the days during vegetative and reproductive stages, respectively. In accordance with the yield gap 506 

caused by water stress, the yield gap caused by low temperatures was also calculated. The results showed that 507 

yield losses due to low temperatures in the season of 2015 were 2.60 and 2.39 t ha-1, for AquaCrop and AgroC, 508 

respectively. In 2016, days with low temperatures accounted for only 18% during the vegetative stage but stayed 509 

nearly the same (25.3%) during the reproductive stage compared to 2015. As a consequence, potential grain 510 

yield losses in 2016 were lower than in 2015, with only 1.54 and 1.90 t ha-1 for AquaCrop and AgroC, 511 

respectively. This indicates that temperature stress during the vegetative stage is the dominant factor for potential 512 

yield losses at this location. 513 

 514 

 515 
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Table 6 Simulated potential and actual grain maize yields and relative loss for the contrasting growing conditions in 2015 516 
and 2016 517 

  2015   2016 

 
AquaCrop AgroC 

 
AquaCrop AgroC 

Simulated yield 

Potential yield (t ha-1) 10.31  11.25 
 

 10.95  11.85 

Water-limited yield (t ha-1) 9.50 (-7.9%) 9.32 (-17.2%) 
 

 10.47 (-4.4%) 10.91 (-7.9%) 

Temperature-limited yield (t ha-1) 7.71 (-25.2%) 8.86 (-21.2%) 
 

9.41 (-14.1%) 9.95 (-16.0%) 

Water/temperature limited yield (t ha-1) 6.90 (-33.1%) 6.93 (-38.4%)   8.93 (-18.4%) 9.01 (-24.0%) 

Average farmers yield in Lithuania 

Farmers yield (grain maize + cob mix) (t ha-1) 4.81 
  

6.94 
  

 518 
The combined water/temperature stress yields in comparison to potential yield indicate that AquaCrop predicts a 519 

slightly smaller yield reduction due to water and temperature stress, with 3.41 and 2.02 t ha-1 for 2015 and 2016 520 

compared to AgroC with 4.32 and 2.84 t ha-1, whereby this gap is mainly caused by higher potential yields 521 

predicted by AgroC. 522 

4. Discussion 523 

Our study provides experimental evidence of potential maize grain yield levels above 9 t ha-1 (in dry weight) for 524 

a region 55°N in the Baltic area. This level of yield was observed in the season of 2016 with favourable 525 

meteorological conditions (temperatures and rainfall above current climatic normal) and adequate management 526 

(under non-limited nitrogen nutrition). This result is in line with current global observations in the area showing 527 

that poleward regions exhibit an increase in suitability for grain maize production (Ramirez-Cabral et al. 2017). 528 

Thus, farmers in cool climate regions are encouraged to expand the area used for maize grain production. 529 

However, the experiments also showed that the grain yield in dry seasons such as 2015 (with temperatures close 530 

to climatic normal of 1981–2010) was 24% lower in comparison to the favourable conditions in 2016. Observed 531 

differences in reported farmer’s yields between the two years was 31% in Lithuania (Table 6), which agrees 532 

nicely to the findings of our study and indicates potentially large year to year variations. Liu et al. (2013) 533 

analysed phenological responses of maize grown at different latitudes in China and suggested that, in high 534 

latitude regions, short season varieties should be sown in order to adjust to limited heat resources. However, the 535 

understanding of genotype and environment interactions is essential to ensure high and stable yields under local 536 

conditions, especially where soils may add constraints regarding water and nutrient stress. It is not possible to 537 

separate low temperature and water shortage effects on yield through empirical data only. Our simulations 538 

indicate the importance of both factors, whereby cold stress appears to be the most important factor in the region. 539 

This finding is in agreement with the literature, which states that in northern Europe, cool temperatures, mainly 540 
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caused by late frost in spring, may damage the crop stands irreversibly and that short growing seasons are the 541 

main limitations for grain maize. Nevertheless, drought events are also a concern (Olesen et al. 2011). 542 

Unfortunately, both models only account for cold stress but were not able to account for permanent damage to 543 

plant organs (e.g., leaves) induced by low temperature. Additionally, Reidsma et al. (2010) suggested that 544 

improving estimations of actual maize yield requires regional specific models that, besides cultivar coefficients, 545 

relate to the farm characteristics (intensity, size, land use) important in the region. It is also recognised that 546 

below-ground processes, such as water availability and variations within the soil profile, have largely been 547 

neglected by breeders when considering ways to increase the yield of major crops (Hall and Richards 2013).  548 

Model accuracy must be discussed against the background that for both models the crop parameters were 549 

calibrated by hand. In this respect, the model results always reflect the decisions of the model user (Diekkrüger 550 

et al. 1995). In this model comparison, AquaCrop performed slightly better for the prediction of crop cover/LAI, 551 

whereas AgroC showed slightly better agreement in terms of the estimated water content. This improved 552 

simulation of water contents, which finally affects the estimation of root water uptake stress, is however linked 553 

to a higher cost in terms of the measurement and inversion of soil hydraulic parameters. In addition, the higher 554 

complexity in the outputs regarding the dry mass weights of plant organs provided by AgroC requires additional 555 

input parameters. The question of whether a more complex or a more simple model should be used relies on the 556 

availability of input data and measurements. In this study, a well-characterized experimental site accompanied 557 

by a large number of continuous measurements allowed the application of both model types. Complex and 558 

flexible models such as AgroC increase the spatial application range, permitting the analyses across a broader 559 

range of environmental conditions and crop traits. In addition, AquaCrop can be seen as an efficient tool to 560 

improve the understanding of fundamental biophysical mechanisms determining crop performance in water 561 

limited or cold stress conditions. 562 

Both models agree in their results regarding the bigger effect of cold stress in relation to water stress. Of course, 563 

the quantification of this effect depends on the chosen simulation approaches. For example, in AgroC the 564 

estimated water stress depends on the estimated amount of potential evapotranspiration, on the crop conversion 565 

factors Akc on the Feddes parameters and also on the soil hydraulic parameters, in addition to other parameters. 566 

Cold stress is affected by the choice of the base temperature, and estimated assimilation is also influenced by the 567 

temperature-dependency function. Notably, both models agree quite well in their response to cold and water 568 

stress, even though the two models differ substantially in their simulation approaches. This provides some 569 

confidence to our simulation results regarding the cold stress and water stress response of maize. 570 

5. Conclusions 571 

 572 
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In this experimental study evidence of relatively high grain yield of short season maize variety in high latitude 573 

region ~55°N was obtained. However, potentially large year to year yield variation was evident, both in 574 

experiments and reported farmer’s yields.  In addition, the experimental results reveal that the grain yield under 575 

optimum management is about 2 t ha-1 higher than the average yield in Lithuania.  576 

After calibration of soil and crop parameters, both, the AquaCrop and AgroC models, were suitable for 577 

simulating crop development and grain yield. In relation to water stress, the simulation results indicate a larger 578 

effect of cold stress on maize grain yield for a region 55°N in the Baltic area. According to the models applied in 579 

this study, the effect of low temperatures could be about twice as big as the effect of water stress, depending on 580 

the meteorological conditions over the growing period. 581 
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