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English summary
Waterlogging is a major constraint for agricultural crop production. Consequently, anthropogenic
alteration of agricultural environments by the installation of tile drainage is common in the west,
including Denmark. However, it remains less widespread in South East Asia , where complete
waterlogging (anoxia) remains a challenge for crop production, particularly winter wheat. While
the introduction of tile drainage has improved the conditions for crop production in many areas,
it has also increased the loss of nitrogen (N) from agricultural fields, since the anaerobic zone
where denitrification of nitrate (NO3-) occurs in natural soil ecosystems is bypassed by tile drainage. To study the effects of partial waterlogging (hypoxia) outside of the growing season, a new
drainage type called controlled drainage (CD) is being evaluated in Denmark. Since both anoxia
and hypoxia are known to have severe impacts on wheat growth, yields, and nutrient uptake, with
severer impacts with increasing temperatures and duration, long-term hypoxia under cold Danish
winter conditions was compared to the influence of short-term anoxia under high temperatures in
China. The PhD study aimed to investigate the influence of anoxia and hypoxia in relation to the
Chinese and Danish wheat production and quality.
To study this topic, three experiments were set up in Denmark and China. One lysimeter experiment in Denmark (Paper I), a controlled climate chamber pot experiment in China (Paper II) and
an outdoor pot experiment in China (Paper III). Paper I investigated the influence of long-term
hypoxia during the winter (Jan-April) on the growth, yields, and nutrient uptake of winter wheat
depending on drainage depth (10, 20 and 25 cm and free drainage) and the cultivars Belgrade
(BG), Benchmark (BM) and Substance (SUB). Paper II and Paper III investigated the influence of
short-term anoxia on growth, yields and nutrient uptake in spring and winter wheat depending
on the duration (3, 5, 10 or 15 days of anoxia) and the developing stage (tillering, booting and
flowering) at which anoxia occurred.
The results indicated that short-term anoxia during warm conditions reduces the photosynthesis
and thus the growth of wheat more than long-term hypoxia for up to three months during winter.
Hypoxia had little influence on the net photosynthetic rate (Pn) and no influence on chlorophyll
fluorescence of the wheat under cold Danish conditions (Paper I), why no influence on the growth
was observed. Neither did hypoxia influence the yield or N uptake of wheat grown under cold conditions (Paper I), as these were primarily determined by the biomass accumulation of the three
cultivars, with the highest yields and N uptake in BM and the lowest in BG. However, hypoxia did
influence the concentration of multiple nutrients including Iron (Fe), copper (Cu), and phospho-
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rus (P), though cultivar biomass accumulation remained the main parameter influencing the uptake of nutrients. According to Paper I, CD during winter in Denmark has little influence on wheat
development, why CD might be a suitable tool for N mitigation.
The results from the warm Chinese studies (Paper II and III) on anoxia indicate that anoxia influences wheat growth most during the tillering stage where the most severe reductions of Pn, leaf N,
total plant N concentration and stomatal conductance were observed, followed by the flowering
stage and finally the booting stage. However, once anoxia ceases at the tillering stage, wheat can
recover both biomass and N uptake, why anoxia did not influence the yields and N uptake in the
tillering treatments at maturity. Paper II found that anoxia at the flowering stage reduced grain
yields significantly due to premature leaf senescence, specifically with increase in the duration of
anoxia. Paper III found no influence of the development stage on yields, where only the duration
influenced the yield. Consequently, the influence of the development stage on yield in Paper II is
ascribed to the higher temperatures during this treatment compared to Paper III. However, neither Paper II nor III found that the anoxic treatments influenced grain N concentration, why these
results indicate that a period of anoxia of 15 days or less can influence grain quantity but not the
grain quality.
Similar to the Danish study (Paper I), the Chinese studies (Papers II and III) found that the treatment influenced the macro- and micronutrient concentration and particularly the concentrations
of calcium (Ca) and manganese (Mn). Overall, this study therefore found that waterlogging, be it
long-term hypoxia or short-term anoxia, had a significant influence on the concentration of nutrients - both redox-sensitive nutrients and ion salts - in plant biomass at maturity. However, the
behaviour of each nutrient during waterlogging varied in each the three papers, why some - like
Mn - increased in Paper III, while it decreased during booting and increased during flowering in
Paper II. Thus these findings suggest that external factors besides soil water content control the
concentration and uptake of macro- and micronutrients in waterlogged wheat.
Based on these findings, this PhD study concludes that waterlogging sensitivity tests in both spring
and winter wheat have to consider both immediate responses and the responses at maturity since
recovery is possible once waterlogging ceases. Furthermore, studies on waterlogging sensitivity
should consider both the physiological responses and the nutrient change responses since waterlogging sometimes influence one and not the other.
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Danish summary
Længerevarende vandmætning af dyrkningsjorden er en stor udfordring for planteproduktion,
hvorfor kulturtekniske tiltag med dræning af landbrugsjord er udbredt i store dele af verden. I
Danmark er omkring halvdelen af landbrugsjorden drænet, mens dræning ikke er tilsvarende udbredt i sydøst-Asien. Således er fuldkommen vandmætning (anoxia) stadig en stor udfordring for
afgrødeproduktionen i Kina og særligt for produktion af vinterhvede.
Rørdræning kan forbedre forholdene for afgrødeproduktion i mange områder men mindsker samtidigt mængden af vand, der passerer den iltfattige (reducerende) zone i jorden. I denne zone vil
der naturligt ske en omsætning af nitrat ved denitrifikation, og hvis jordvandet ledes uden om
denne zone, kan dræning føre til et større tab af kvælstof (N) fra landbrugsjorden. Ved kontrolleret
dræning (CD), hvor grundvandsstanden hæves i efteråret/ vinteren, opnås en øget omsætning af
nitrat under de anaerobe forhold. CD medfører dog en delvis vandmætning (hypoxia) uden for
vækstsæsonen og skaber derfor en iltfattig zone i jorden, som kan påvirke rodvækst og planteproduktion.
Det er almindelig kendt, at både anoxia og hypoxia kan have stor indflydelse på plantevækst, udbytte og næringsstofoptagelse i hvede. Denne indflydelse forstærkes med stigende temperatur
(øget biologisk aktivitet i planten og jorden) samt af varigheden af anoxia og hypoxia.
I dette Ph.d. studie belyses effekt af dels længerevarende hypoxia under danske vinterforhold og
dels kortvarig anoxia ved højere temperaturer i Kina. I afhandlingen undersøges således betydningen af anoxia og hypoxia for henholdsvis kinesisk og dansk hvedeproduktion og hvedekvalitet.
På denne baggrund er der udført tre forsøg i henholdsvis Danmark og Kina:


Et lysimeter forsøg i Danmark (artikel I)



Et potteforsøg i klimakammer i Kina (artikel II)



Et udendørs potteforsøg i Kina (artikel III)

Under danske vinter forhold (artikel I) er undersøgt betydningen af langvarig hypoxia i vintersæsonen (januar – april) for vækst, udbytte og næringsstofoptag i vinterhvede (sorterne Belgrade
(BG), Benchmark (BM) og Subsance (SUB)). Under varmere kinesiske forhold (artiklerne II og
III) er undersøgt betydning af anoxia for plantevækst, udbytte og næringsstofoptag i henholdsvis
vårhvede og vinterhvede. Herunder er belyst betydning af varighed af anoxia (3, 5, 10 eller 15 dage)
og udviklingstrin (buskning, strækning og blomstring) under hvilket vandmætningen finder sted.
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Resultaterne viser, at kortvarig anoxia under varme forhold påvirker fotosyntesen og dermed væksten mere end langvarig hypoxia (op til tre måneder) under kolde vinterforhold.
Hypoxia påvirkede netto-fotosyntesen (Pn) i hvede i nogen grad, men påvirkede ikke indholdet af
kloryfyl fluorescens (artikel I, danske vejrforhold). Vandmætningsgraden havde således ingen effekt på vækst af vinterhveden og påvirkede ikke høstudbytter eller mængden af optaget N. Der var
forskel på sorternes udbytter og N-optag, hvor BM havde de højest udbytter og N-optag mens BG
havde de laveste. Hypoxia påvirkede dog koncentrationen af flere makro- og mikronæringsstoffer
såsom jern (Fe), kobber (Cu) og fosfor (P), men biomasseproduktionen var den primære faktor til
styring af næringsstofoptaget. Af artikel I konkluderes, at CD i vintermånederne vil have begrænset indvirkning på vækst af vinterhvede, og at CD derfor potentielt kan være et anvendeligt virkemiddel til reduktion af nitratudvaskning i drænede marker under danske forhold.
Resultaterne fra de varmere kinesiske forsøg (artikel II og III) viste, at anoxia især påvirkede vækst
af hvede i busknings-stadiet, hvor den største reduktion af Pn, bladenes N-koncentration, den totale N-koncentration i planten samt åbning af stomata, blev observeret. Efter busknings-stadiet
var påvirkningen størst i blomstrings-stadiet efterfulgt af stræknings-stadiet. Det var dog muligt
for hveden at kompensere for både det lavere N-optag og den lavere biomasseproduktion, efter
anoxia ved busknings-stadiet ophørte. Derfor havde anoxia ingen betydning for udbytte og N-optag ved høst.
Af artikel II fremgår desuden, at anoxia ved blomstring reducerede kornudbyttet signifikant på
grund af for tidlig afmodning af bladene, hvilket steg i takt med varigheden af vandmætningen.
Dette blev dog ikke set i artikel III, hvor det kun var varigheden af anoxia, der påvirkede udbyttet.
Effekten af udviklingstrin på udbytterne i artikel II blev tilskrevet højere temperatur under de
anoxiske behandlinger sammenlignet med artikel III. Hverken i artikel II eller III påvirkede
anoxia N-koncentrationen i kernerne, hvilket viser, at vandmætning over en periode op til 15 dage
kan påvirke kvantiteten af kerneudbyttet , men ikke kvaliteten af kernerne. Ligesom under danske
vinterforhold (artikel I), påvirke de varmere kinesiske forhold (artikel II og III) koncentrationen
af mikro- og makronæringsstoffer og særligt koncentrationen af kalk (Ca) og mangan (Mn).
Dette ph.d.-studie viste, at vandmætning, enten langvarig hypoxia eller kortvarig anoxia, har signifikant indvirkning på koncentrationen af næringsstoffer i plantebiomassen ved modenhed.
Dette gælder for både redox-følsomme næringsstoffer og ion-salte. Dog varierede påvirkningen af
vandmætningen mellem de enkelte næringsstoffer. Dette gælder for Mn, hvor koncentrationen
steg i artikel III, mens koncentrationen faldt ved henholdsvis stræknings-stadiet og derpå steg ved
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blomstrings-stadiet i artikel II. Dette indikerer, at der er andre faktorer ud over vandmætningsgraden, der påvirker koncentration og optag af makro- og mikronæringsstoffer i vandmættet
hvede.
Ph.d.-studiet viste, at vandmætnings-følsomheden bør bestemmes ved både at betragte de umiddelbare reaktioner i planter under vadmætningsperioden, samt de ændringer der fremkommer
ved høst. I forsøgene i Kina viste resultaterne at både vår- og vinterhvede kan rekompensere for
reduceret biomasse og N-optag, når vandmætningen ophører. Desuden skal hvedens vandmætningstolerance bestemmes, ved at inkluderer bådede plantefysiologiske reaktioner samt ændringer i næringsstofoptaget da vandmætning både påvirker jord processerne og plateprocesserne.
Derfor er det nødvendigt at studere både de plantefysiologiske reaktioner og ændringer i næringsstofoptag hvis effekten af anoxia og hypoxia skal vurderes i forhold til afgrødens produktion og
vækst.
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1. Introduction
1.1 Water and agricultural crop production
Water (H2O) is the most abundant element on the planet covering approximately 71% of the
earth’s surface (Wetzel, 2001). H2O is essential for all life, as it accounts for 70% of all living cells
(Cooper and Hausman, 2013). However, many life forms including mammals, human and terrestrial plants depend on freshwater (surface water), which only represents 2.4% of the global water,
2.1% of which is stored as polar ice and glaciers making it unavailable for consumption. Consequently, most terrestrial life depends on 0.3% of the world’s water (Wetzel, 2001). The agricultural
sector is responsible for approximately 70% of the global freshwater withdrawal (The World Bank,
2017) due to the large crop water demand, as the production of approximately 1 g dry biomass
(DM) requires a water uptake of 250 g H2O (Andersen et al., 1992). To optimise crop production
the soil water content must be balanced correctly (da Silva et al., 1994) since crops tend to die
when the soil water content reaches the wilting point of -1.5 MPa (Veihmeyer and Hendrickson,
1928). Excess water in the soil also limits crop production by reducing the oxygen content in the
soil, and, consequently, root growth is restricted at an oxygen content below 0.12 mol m-3 (Brisson et al., 2002). Thus optimal soil conditions for crop production have been described as “the
least limiting conditions”, where the water content should approximate field capacity (da Silva et
al., 1994), which is typically estimated to be -0.03 MPa for fine-textured soils and -0.01 MPa for
coarse-textured soils (Twarakavi et al., 2009). The least limiting conditions also require that the
oxygen content in the soil pores should be above 10% (da Silva et al., 1994) to ensure continuous
root growth. The challenges of retaining the right soil water content to ensure the agricultural
crop production are further exacerbated by climate change, particularly as climate change projections show that regions already receiving large amounts of precipitation will receive more precipitation with more frequent and extreme precipitation events (IPCC, 2014). Consequently, these
regions are more prone to suffering high soil water contents, resulting in both partial (hypoxic)
and complete (anoxic) waterlogging, which limits crop productivity.
1.2 Drainage and crop productivity
Drainage is a naturally occurring phenomnon where water is removed from the land and over
time is transported to streams and rivers and ending in the sea. However, to accommodate the
need for agricultural production, artificial drainage has been used in agriculture for centuries to
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manipulate the hydrological dynamics by increasing the flow velocity from the fields to the
streams. Today it is estimated that around a third of all natural drainage systems on cultivated
land have been exposed some sort of drainage modification (Blann et al., 2009). Tile drains are
one of the most commonly used drainage techniques today, as it allows for fast removal of the
water from the root zone in the fields (Blann et al., 2009). Crop yields have increased by 5-25%
due to tile drainage in the USA for a variety of soils in combination with different crops (Blann et
al., 2009). Under Scandinavian conditions, experiments with drainage depths of 80 and 115 cm
showed that the yields of maize, barley, wheat, oat, rape, and grass increased with drainage
depth(Pedersen, 1977), while yields of especially winter wheat, but also barley, oat, and beet, increased by an average 2.5 hkg ha-1 when the drainage depth was 115 cm compared to 80 cm (Hansen, 1969). Thus, there is generally a positive correlation between drainage depth and agricultural
productivity (Hansen, 1969;Kjellerup, 1973;Pedersen, 1977). However, whilst tile drainage has
prevailed in the western world where, for example, in Denmark up to 50% of the cultivated land
is drained using primarily tile drains (Olesen, 2009), it is less widespread in other parts, like
Southeast Asia where only 4% of the cultivated land is tile-drained (Blann et al., 2009). This
means that anoxic and hypoxic conditions remain a significant challenge for crop production in
many areas of Southeast Asia like China (Yaduvanshi et al., 2012).

1.3 Controlled drainage
While tile drainage has helped to optimise land productivity by lowering the soil water content in
naturally wetter farmland areas, the drainage systems also increase water transport, resulting in
a higher nitrogen (N) transport from agricultural fields to streams and rivers (Blann et al., 2009).
This increases agricultural pollution of aquatic environments since tile drainage often bypasses
the anoxic zone in the soil where denitrification of nitrate (NO3-) naturally would occur (Blann et
al., 2009). As a consequence, new types of drainage systems aimed at controlling the soil water
content and decreasing the environmental impact are being introduced, one of these being Controlled Drainage (CD) (Carstensen et al., 2016). By attaching control wells to the tile drainage
system (Fig. 1.1) CD makes it is possible to increase the water level in the field outside of the plant
growing season, enabling the creation of an anaerobic zone where depletion of oxygen occurs
(Borin et al., 2001). Positive impacts of CD are reduced transportation of N from fields to rivers
and streams by up to 94% (Wesström, 2001;Wesström and Messing, 2007), although typical re-
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ductions in N transport are reported to be 50-70% (Bonaiti and Borin, 2010;Woli et al., 2010;Rozemeijer et al., 2016). Nitrogen concentrations in tile drain water have similarly been reduced, by
up to 73% (Borin et al., 2001;Elmi et al., 2005;Rozemeijer et al., 2016), offering a tool for mitigating the environmental impacts of tile drainage.

Other known positive effects of CD are that it can increase yield production by up to 18% in various
crops and on a variety of soils (Wesström and Messing, 2007;Bonaiti and Borin, 2010;Woli et al.,
2010). Higher yields in CD fields have been ascribed to an increased soil moisture content enabling sub-irrigation during the spring and summer seasons where droughts are more likely to
occur (Ayars et al., 2006). A higher soil water content is retained in the soil since the control
structure is blocking the path of the water, resulting in a buildup of water in the soil profile until
the water level becomes higher than the control structure, and drainage flow starts (Ayars et al.,
2006;Bonaiti and Borin, 2010). However hypoxic soil conditions like those instigated by CD have
long been associated with reduced crop development (Malik et al., 2001) and yield losses in autumn-sown crops (Dickin et al., 2009), so it is essential to determine the level of hypoxia crop
production can cope with when applying CD to autumn-sown fields. Additionally, little attention
has been paid to the side effects of CD on the availability of nutrient for plants, although anoxic
soil conditions have been suggested to reduce plant-available N due to higher denitrification rates
in waterlogged soils (Sánchez-Rodríguez et al., 2017).

Figure 1.1: Schematic of controlled drainage installation. Modified from (Hvid, 2015)
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1.4 Hypoxia and anoxia effecting nutrient responses
As the oxygen content decreases in the soil so does the redox potential (Schlesinger, 1996).
Changes to the redox potential can be highly significant for crop productivity, as some nutrients
are redox-sensitive, why their availability is related to redox potential (Sánchez-Rodríguez et al.,
2017). For instance, the availability of nitrate (NO3-) is likely to decrease when the redox potential
decreases, as oxygen depletion forces the microbial community in the soil to use nitrate substrate
as an electron acceptor for respiration instead of oxygen (Saggar et al., 2013). Consequently, low
redox potentials can limit the plant-available N in the soil (Sánchez-Rodríguez et al., 2017;Nguyen
et al., 2018) and thus hamper crop development. Other nutrients like manganese (Mn) and iron
(Fe) are also redox-sensitive, but unlike N they tend to increase in the soil solution when the redox
potential decreases (Yaduvanshi et al., 2012). Thus, under reduced conditions, the soil-bound
Mn3+ and Fe3+ are reduced to the soluble Mn2+ and Fe2+ (Schlesinger, 1996), which is more
easily available for plant uptake (Atta et al., 1996;Setter et al., 2009). However, changes in nutrient availability due to reduced redox conditions occur stepwise, meaning that N is reduced at
higher redox potentials compared to Mn and Fe, and thus the plant-availability of N is reduced
before the availability of Mn increases followed by an increase in the availability of Fe (Schlesinger, 1996). Therefore, both anoxia and hypoxia can result in elemental toxicity or deficit environments for crop production (Setter et al., 2009). This happens particularly under warm conditions, where increased microbial activity results in a more rapid oxygen consumption to support
the microbial respiration (Saggar et al., 2013), why anaerobic environments occur faster under
higher temperatures (Trought and Drew, 1982). Other factors affecting soil redox conditions are
soil physical and chemical parameters, such as the soil organic content and soil porosity, and
availability of N, Mn and Fe (Yaduvanshi et al., 2012), which are all influenced by soil type and
management.

1.5 Crop responses to anoxia and hypoxia
1.5.1 Root nutrient uptake
Low oxygen concentrations in soils hamper the ability of plant roots to respire. In well-aerated
soils, roots can synthesise 36 ATP molecules per mol glucose during respiration, while only 3 ATP
molecules can be synthesised under anoxic soil conditions where roots depend on fermentation
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for ATP synthesis (Wegner, 2010). The difference in energy (ATP) produced during root respiration and fermentation drives the nutrient deficits in crops under hypoxic and especially anoxic
conditions, as nutrient uptake is an energy-demanding process (Marschner and Marschner,
2012). Nutrient uptake is of particularly high importance during the vegetative phenological
stages of crop development, where nutrient uptake can require as much as 36% of the energy
produced during root respiration (Marschner and Marschner, 2012).
Nutrient uptake into the apoplast is driven by diffusion and consequently requires little energy,
but nutrients cannot move freely from the apoplast to the symplast as hydrophobic lipid barriers
of the Casparian strips in the endodermal cells (Fig. 1.2) block the entrance to the xylem
(Marschner and Marschner, 2012). Thus to enter the xylem (Fig. 1.2) and be transported to another part of the plant, nutrients depend on specialised ion channels and electrochemical gradients across the cell membranes which requires ATP (Marschner and Marschner, 2012). Consequently, nutrient deficiency is typical for a number of nutrients like N, Ca, Mg and K under hypoxia and anoxia (Huang et al., 1995;Malik et al., 2001;Khabaz-Saberi et al., 2007;Dresbøll and
Thorup-Kristensen, 2012), whilst Fe and Mn tend to increase in the roots and shoots of crops
experiencing anoxia (Khabaz-Saberi et al., 2007). Thus, anoxia can result in both deficit and toxic
nutrient levels for crops (Khabaz-Saberi et al., 2007;Setter et al., 2009;Yaduvanshi et al., 2012),
why an understanding of which nutrients tend to increase and which decrease in crops exposed
to anoxia is essential for crop management.

Figure 1.2: Nutrient partway through the roots. Source (Quora, 2017)
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1.5.2 Root morphology
Since oxygen is essential for root respiration and thus nutrient uptake, many crops including
wheat can produce oxygen transportation pathways in the root called aerenchyma (Fig. 1.3) when
exposed to anoxia and hypoxia (Xu et al., 2013). Oxygen uptake under anoxia often happens
through stomata on the leaves (Fig. 1.4), after which oxygen can then be transported down to the
roots through the aerenchyma (Jackson and Amstrong, 1999) to sustain root survival and nutrient
uptake (Suralta and Yamauchi, 2008). Oxygen uptake can also occur through adventitious roots
under anoxia, as these roots grow close to the soil surface or sometimes above the soil surface,
reducing the distance of oxygen diffusion (Sauter, 2013). Adventitious roots generally have a
higher root porosity compared to seminal roots, indicating a more extensive formation of
aerenchyma (Herzog et al., 2016), and consequently the number of adventitious roots tends to
increase during anoxia (Else et al., 2009;Rich et al., 2012;Yamauchi et al., 2018).
Additionally, adventitious roots can support nutrient uptake under anoxia, once the seminal root
system stops functioning (Colmer and Greenway, 2011;Dresbøll and Thorup-Kristensen, 2012).
While root type can be determining for aerenchyma formation so can the development stage at
which hypoxic and anoxic conditions are introduced as longer and older roots are less likely to
change morphology, suggesting that root adaptation to hypoxia and anoxia is easiest during the
early phenological stages (Thomson et al., 1990)

Figure 1.3: Cross section of spring wheat roots grown under controlled conditions (a) and roots grown under anoxic
conditions (b) for 10 days at the tillering stages. Unpublished results from Paper II.
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1.5.3 Leaf responses
Decreased photosynthesis (Pn) is a documented consequence of anoxic soil conditions (Musgrave,
1994;Herzog et al., 2016;Shao et al., 2016). Pn is found to decrease significantly within the first
24 hours of anoxia occurring (Malik et al., 2001). However, the effect on Pn depends on the oxygen
concentration in the soil. This is evident as no significant effects on Pn are found when the water
level is 20 cm or more below the soil surface, while significant reductions of Pn to levels similar
to those under anoxic conditions can be measured when the water level is 10 cm below the soil
surface (Malik et al., 2001). Under hypoxia and anoxia, Pn primarily declines due to stomatal
closure, lower production of Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) and
lower chlorophyll content in the leaves (Yordanova and Popova, 2007;Parent et al., 2008;Herzog
et al., 2016). Pn normally decreases within the first 24 hours when anoxia occurs, corresponding
to the decrease in stomatal conductance in the same period, indicating that the initial impact of
anoxia on Pn is due to reduced stomata conductivity (Malik et al., 2001;Parent et al., 2008). As
stomata control the gas exchange between the leaf and the atmosphere, this would cause less H2O
and CO2 o fluxes for the light and dark reaction of the photosynthesis (Fig. 1.4). Thus, this would
result in a lower production of glucose and consequently plant growth (Marschner and
Marschner, 2012;Raven et al., 2013)

Figure 1.4: Illustration of leaf cross-section of the chloroplast and the photosynthesis processes occurring in the chloroplast. Adapted from (Shmoop Editorial Team, 2008;Transport in flowering plants, 2018)
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In addition to the limitations which stomatal closures during anoxia have on Pn by reduction of
H2O and CO2 fluxes, anoxia can also reduce the leaf N content (Herzog et al., 2016). The leaf N
content is important for both the light and dark reaction of the photosynthesis, where N is part of
both the chlorophyll pigment protein and the proteins of the dark reaction, in particular ribulose1,5-bisphosphate carboxylase-oxygenase - commonly known as Rubisco (Evans, 1989). The chlorophyll pigment protein is located in the thylakoid membrane of the chloroplast of the mesophyll
cells (Fig. 1.4), where it is part of the light-capturing complexes (Evans, 1989). It is well established that up to 24% of total leaf N can be found in the thylakoid membranes for some crops
(Terashima and Evan, 1988). Approximately 60-85% of the N in the thylakoid membrane is part
of the pigment-protein chlorophyll, where roughly 64-68 mol N is needed for each mol chlorophyll to capture light and transport energy (ATP and NADPH) from the light reaction to the Calvin
cycle of photosynthesis (Evans, 1989). Meanwhile, Rubisco is found in the stroma of the chloroplast (Fig. 1.4) where it catalyses the fixation of CO2 to produce organic sugar molecules (Raven
et al., 2013). Rubisco can constitute 30-50% of the soluble proteins in the leaves of C3 plants
including wheat (Parry et al., 2003), which Evans (1989) estimated corresponds to approximately
20% of the total leaf N content in wheat. As both leaf chlorophyll and Rubisco are positively correlated to the N concentration in the leaf (Evans, 1989;Lawlor et al., 1989), they decrease under
anoxia, resulting in lower N uptake (Maekawa and Kokubun, 2005). Loss of leaf chlorophyll and
Rubisco content usually occurs after anoxia has persisted for periods of minimum three days
(Yordanova and Popova, 2007;Herzog et al., 2016), but can follow N deficits after 48 hours with
reductions of respectively 13% and 8% (Marschner and Marschner, 2012). Thus, it is possible that
leaf chlorophyll is more directly influenced by reduced N uptake compared to Rubisco, and consequently influences Pn more in N deficit environments. This is further supported by recent studies, which found that Pn increases further when most of the leaf N is allocated to the chlorophyll
rather than the Rubisco protein, possibly due to a higher light-capturing capacity in the thylakoid
membrane (Chen et al., 2014). Parry et al. (2003) suggested a different theory whereby N deficits
decrease leaf Rubisco, which then, in turn, decreases the electron transport and thus energy
transport in the light-dependent part of photosynthesis. While it remains uncertain whether it is
the chlorophyll or Rubisco that is decreased first under N deficits, it is clear that chlorophyll and
Rubisco both depend on N and each other to ensure photosynthesis (Lawlor et al., 1989). Thus,
changes in N uptake due to anoxia and hypoxia can reduce Pn leading to a lower leaf N concen-
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tration. Since leaf chlorophyll can be measured non-destructively, measurements of leaf chlorophyll rather than Rubisco were collected during this PhD study for assessment of leaf N concertation under anoxic and hypoxic conditions.
1.5.4 Yield and grain quality responses
Cereal crops like wheat go through different development stages during the crop life cycle (Fig.
1.5). The grain yield at maturity is the result of all the different stages in the growing season, but
different processes will be affecting the yield at different development stages (Slafer and Rawson,
1994). Consequently, the timing of anoxia and hypoxia determines which yield components that
are influenced in cereal crops like wheat (Herzog et al., 2016). Anoxia during the seedling stage,
for example, reduces the number of plants per area (Belford, 1985); anoxia at tillering reduces the
number of tillers and the number of grains per ear (Belford, 1985;Dickin and Wright, 2008;Robertson et al., 2009;Shao et al., 2013;Wu et al., 2015;Ghobadi et al., 2017); at the stem elongation
and booting stage, anoxia affects the number of grains and the grain weight (Belford, 1985;de San
Celedonio et al., 2014;Marti et al., 2015;Wu et al., 2015;Wollmer et al., 2018c); and anoxia during
anthesis and flowering results in reduced kernel 1000-weight and reduced numbers of grains per
spike (Jiang et al., 2008;Li et al., 2011;Li et al., 2013;Shao et al., 2013;Wang et al., 2016).
While there is general agreement on how anoxia influences the yield components depending on
the development stage, there is little agreement on which development stages are most sensitive
to anoxia and hypoxia and thus have the greatest impact on the yields at maturity. Wollmer et al.
(2018) suggested that this is due to many studies not following the development of the crops until
maturity, as crops often are harvested shortly after treatment ends. Thus, to determine which
development stages are most sensitive to hypoxia and anoxia, it is crucial to follow the development of the wheat until maturity. Both the impact of hypoxia and anoxia on wheat growth and
development was therefore followed until maturity in this study.
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Figure 1.5: Development stages of wheat by the Zadoks code. Adapted from (Pearce and Vazquez-Gross, 2018).

The severity of the impact of anoxic and hypoxic conditions on the development of crops depends
on a number of other factors including cultivar choice (Boru et al., 2001;Dickin et al., 2009) and
the duration of the event (Brisson et al., 2002;Li et al., 2011). Meanwhile the intensity of the event
(height of water level) also impacts crop yields under hypoxic conditions (Malik et al., 2001).

1.6 Rationale for the study
As indicated above, hypoxic and anoxic soil environments can occur either naturally as in China
(Yaduvanshi et al., 2012) or can be introduced by the design of the drainage system as in Denmark
where CD systems have been tested and can be introduced (Carstensen et al., 2016). Both countries are faced with the agricultural challenge of waterlogging, particularly for wheat production,
which represents approximately 23% (12620.8 x 104 t) and 50% (502.9 x 104 t) of the annual
cereal production (China statistical press, 2015; Danmarks Statistik, 2016) in China and Denmark.
For China anoxia is a well-known issue in the Yangtze delta throughout the growing season of
winter wheat (Shao et al., 2013;Wu et al., 2014;Wu et al., 2015). However, periods of transient
anoxia also occur on the Northern China Plain where flood irrigation remains one of the most
common irrigation practices (Liu et al., 2005;Li et al., 2007). Thus to obtain better management
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ensuring higher yields in both the Yangtze river delta and on the Northern China Plain, it is important to determine how and to which degree anoxia influences crop development and yields of
wheat depending on the development stage and duration of the event.
In Denmark, 50% of the cultivated land is tile-drained (Olesen, 2009), why N leaching from agricultural fields presents a substantial challenge for Danish agriculture (Kronvang et al., 2008;Dalgaard et al., 2014). Hence, to reduce N losses, trials with CD are being tested in Denmark and so
far with successful outcomes (Carstensen et al., 2016). However, studies on the impact of tile
drainage depths in autumn-sown cereal crops winthin the UK indicate that the hypoxic conditions, which CD induces, can cause yield penalties of 8-9% (Dickin et al., 2009) and reduce yield
by 12-15% if a single anoxic event occurs (Cannell, 1980;Belford, 1985). Thus, the overall objective
of this PhD study in Denmark was to determine whether CD during the winter curtail the development, growth and yields of winter wheat
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2. Objectives and hypothesis
The specific objective of this research was:


To quantify and improve the understanding of the effect of waterlogging on physiology
and nutrient status of wheat at different development stages under different climate and
soil conditions (Papers I, II and III).



To quantify and improve the understanding of how winter wheat and spring wheat growth
and yields respond to anoxic soil conditions (Papers II and III).



To determine wheat cultivar sensitivity to hypoxia, induced under controlled drainage
during winter (Paper I)

Based on the objectives of the study the following hypotheses were proposed:
a) Waterlogging (anoxia and hypoxia) result in lower yields, due to a reduction of the photosynthesis (Papers I, II and III)
b) Impact severities of anoxia on the final yield will differ , depending on the development
stage at which the anoxic conditions are induced, with greater influence during the later
development stages (Papers II and III)
c) The effects of waterlogging (hypoxia and anoxia) on both yields and N status will be more
adverse as the duration (days) and intensity (height of water table) of the waterlogging
event increase (Papers I, II and III)
d) Cultivars will have different waterlogging (hypoxia) tolerances, which can be measured by
decreases in photosynthesis and increased plant stress during the waterlogging event,
causing lower yields at maturity (Paper I)
e) Waterlogging (hypoxia and anoxia) will influence the uptake of redox-sensitive nutrients,
resulting in increased uptake of Fe and Mn. Meanwhile waterlogging will decrease the uptake of less redox-sensitive nutrients like Ca, Cu, K, Mg and P leading to lower energy
production in waterlogged roots (Papers I, II, III).
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3. Methods
3.1 Lysimeter experiment (Paper I)
A lysimeter experiment was conducted at Foulum Research Station at Aarhus University, Denmark, in the growing season 2015/2016. Lysimeters with a surface area of 1 m2 and a depth of 1.5
m were used to test how wheat exposed to long-term hypoxia develops. Winter wheat of the three
cultivars Belgrade, Benchmark and Substance was sown randomly in the lysimeters on 28 September 2015. A total of 36 lysimeters were used, given four treatments including a free drainage
control. The treatments consisted of water saturation to 25, 20 and 10 cm below the soil surface
(Paper I, Fig. 1). The lysimeters were fertilised with 50 kg N ha-1 before saturation of the lysimeters was finished on 5 February. The depth of the water table was measured every other to every
third day with a water level mirror (Elwa Teknik I/S, Herning, Denmark) in piezometer tubes
which were open at the bottom (16 mm diameter, 1 m depth) and inserted permanently into the
lysimeters (Fig. 3.1). When the water levels varied by more than 2 cm from the desired height,
water was either added to the lysimeter by irrigation, or drainage from the lysimeter through the
drainage system installed at the bottom of each lysimeter. The treatment lasted until 6 April, at
which point all lysimeters were drained followed by fertilisation on 28 April with 50 kg N ha-1 and
on 2 May with 140 kg N ha-1.

Figure 3.1: Piezometer tube inserted permanently into the lysimeter for measurements of the water table.

Weekly measurements of the net photosynthetic rate (Pn) using the CIRAS-2 portable system (PP
Systems, MA, USA) stated on April 4 two days before drainage (Fig. 3.2a) and weekly measurement of chlorophyll fluorescence (FV/Fm) using dark adaption and the Mini-PAM fluorimeter
(Walz, Germany) started on 6 April just before drainage was introduced in the lysimeters (Fig.
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3.2b). Details of these measurements are presented in Paper I. At maturity, 0.5 m2 of each lysimeter was harvested for determination of aboveground biomass, grain yields and for determination
of the N, P, K, Ca, Cu, Fe, Mn and Mg concentrations and uptake.

Figure 3.2: Measurements made in the lysimeter experiment where (a) shows the photosynthesis measurements using
the CIRAS-2 portable system and (b) shows a leaf being dark- adapted before chlorophyll fluorescence measurements
were made.

3.2 Climate chamber experiment (Paper II)
A climate chamber experiment was conducted at Nanjing Agricultural University, China, during
2016. Small pots (diameter 25 cm; height 22 cm) filled with 7.3 kg sieved silty loam soil were used.
Before sowing, all pots were irrigated with 2L of water and fertilised with 1 g of phosphate and 1.5
g of urea. Spring wheat was sown until maturity was reached, with temperatures ranging between
23-32 ºC℃ during the day, and 15-23 ºC during the night (Paper II, Table 1). Artificial light was
used to simulate sunlight at an intensity of 500 µmol m-2 s-1, provided by a combination of LED
and sodium-halogen lamps. The setup of the climate chamber experiment can be seen in Fig. 3.3.
Waterlogging causing anoxic soil conditions was introduced at tillering 30 days after sowing, at
booting 45 days after sowing and at flowering 66 days after sowing and lasted for five and 10 days,
resulting in seven treatments (see Paper II). Each anoxic waterlogging treatment consisted of
eight replicates, and the control consisted of 28 replicates, giving a total of 76 pots used in the
experiment. Half of the anoxic pots were used for pre-maturity sampling at the end of each waterlogging treatment, and 24 of the control pots were additionally used for pre-maturity sampling.
Thus 28 pots were left until they reached maturity, resulting in four replicates of each treatment
at the end of the experiment.
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Figure 3.3: Wheat grown in the pots (red) in the climate chamber experiment in 2016.

Photosynthesis was measured on the last day of the anoxia period in each treatment and in controls by the use of the LICOR 6400 potable system (Licor Inc., NE, USA). All measurements on
photosynthesis were taken between 8.30 am and 12 pm. Two plants were samples from the control
and the anoxic treatments at the end of each anoxic treatment. The sampled plants were dried,
and the biomass was recorded. The concentrations and contents of total soluble sugars (TSS) and
N were measured in the dry bulk biomass of the samples that had been waterlogged for 10 days
and in the respective control samples. At maturity, all the aboveground biomass in the remaining
four replicates of each treatment was harvested. The biomass of the dried bulk plants, the number
of spikes, the number of grains, and the grain weight of each pot were recorded. Concentrations
and contents of TSS and N were measured in both the grains and the straw at maturity for the
control and plants exposed to 10 days anoxia at tillering, booting and flowering. Concentrations
and contents of P, K, Ca, Cu, Fe, Mg and Mn were measured at maturity for the total aboveground
biomass in both the control and plants exposed to 10 days of anoxia. Detailed descriptions of all
measurements can be found in Paper II.

3.3 Outdoor pot experiment (Paper III)
An outdoor pot experiment was conducted at University of Chinese Academy of Sciences, at Institute of Genetics and Developmental Biology’s field station Luancheng in the growing season
2016/2017. Sixty-two PVC tubes (diameter 20 cm, height 40 cm) were pressed into a sandy loam
field where winter wheat was sown on 3 November 2016. The tubes were positioned to cover two
wheat rows. The PVC tubes were left in the soil until 14 March 2017 when the tubes containing
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undisturbed soil cores were taken out and placed in large pots (diameter 40 cm, height 70 cm).
The bottom of the pots was filled with 10 cm of subsoil from the 30-40 cm depth on which the
undisturbed soil cores were placed (Fig. 3.4a). The pots were placed in six rows, and the treatments were distributed randomly between the pots (Fig. 3.4b). By controlling the upper groundwater height, anoxia was introduced at the tillering, booting and flowering stages and lasted for
either 3, 5, 10 or 15 days, making 13 treatments when including the control. Each anoxic treatment
consisted of four replicates, while the control consisted of 14 replicates, of which eight were used
for sampling before maturity was reached, and six were left until maturity. The field capacity was
calculated before the experiment was started, and pots not under anoxic treatment were weighed
every other to third day to determine when irrigation was needed to obtain non-water-limited
crop production.

Figure 3.4: Experimental setup at Luancheng station,where (a) shows the pot setup and (b) the setup of the rows.

Chlorophyll content in the latest developed leaf was measured on the last day of anoxia in all
treatments and for the control. Non-destructive measurements of stomatal conductance were
taken on the last day of treatment with a Porometer (Model SC-1; Decagon, Pullman, WA, USA).
Non-destructive measurements of leaf chlorophyll content were made on the latest developed leaf
on the last day of treatment with a SPADMETER (Hydro Kalksalpeter TM, Japan). On the last day
of treatment, three tiller samples were collected from the anoxic pots and the control. These samples were dried, and the weight of the sample was recorded. The plant samples were then used for
measurements of the N uptake. Detailed descriptions of these measurements can be found in Paper III.
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At maturity, the remaining aboveground biomass was collected, and the number of tillers was
recorded before the biomass was dried. Based on the dry bulk biomass, the number of grains and
grain weight were determined. The concentration and uptake of N were measured in all mature
samples for both the grains and the straw, while the concentration and uptake of Ca and Mg were
determined in the grain and straw in the control and in the 4- and 15-day anoxia treatments.

3.4 Overview of plant analyses
A comparison of the crop measurements of Papers I, II and III can be found in Table 3.1, where a
brief description of the method is given. However, details of the specific methods are presented
in the associated Papers I, II and III.
Table 3.1: Analysis and procedures used in Papers I, II and III, related to the stage at which they were performed.

Analysis or procedure

Phenological stage

Associated papers

Biomass

Tillering, booting, flowering

Paper II, III

Net photosynthetic rate

Tillering

Paper I

Tillering, booting, flowering

Paper II

Tillering, booting, flowering

Paper III

Chlorophyll fluorescence

Tillering

Paper I

Stomata conductance

Tillering, booting, flowering

Paper III

N concentration, vegetative

Tillering, booting, flowering

Paper II, III

Tillering, booting, flowering

Paper II

Tiller count

Maturity

Paper II, III

Number of heads

Maturity

Paper II, III

Straw and grain yield

Post-harvest

Paper I, II, III

Number of grains

Post-harvest

Paper II, III

Kernel 1000 weight

Post-harvest

Paper II, III

N concentration at maturity

Post-harvest

Paper I, II, III

Total soluble sugars at ma-

Post-harvest

Paper II

Chlorophyll meter measurements (SPAD meter)

stages
Total soluble sugar concentration, vegetative stages

turity
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Macro- and micronutrient

Post-harvest

Paper I, II, III

concentration at maturity
(Ca, Cu, Fe, K, Mg, Mn, P)

3.5 Statistical analysis
Statistical analysis was conducted using R-studio (version 1.1.383 and version 3.2.3). One-, twoand three-way analysis of variance (ANOVA) and Kruskal-Wallis tests were used to analyse the
effect of anoxia/hypoxia in relation to the development stage, duration, and cultivar choice.
ANOVA was applied to data which could be from a normal distribution and had equal variance,
while the Kruskal-Wallis test was applied when the data could not be described by a normal distribution, or had an uneven distribution. The normality of the data was tested using a Shapiro
Willsk test with a significance level of 0.05, while the variance was tested using a Bartlett test with
a significance level of 0.05. Pairwise comparison using the Tukey test was used for comparison
between the treatments when data could be assumed normally distributed, and a multiple comparison test with correction for multiple testing by the single-step method was used when the data
could not be assumed normally distributed. For both types of comparison between treatments, a
confidence interval of 95% was applied.
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4. Results
4.1 Lysimeter experiment (Paper I)
4.1.1 Effect of hypoxia on the shoot development and yields of winter wheat
Overall, the results showed that the effect of the hypoxia intensity (water level height) on final
grain yields and total yield was negligible (Paper I, Table 5). However, the high-intensity hypoxia
with a drainage depth of 10 and 20 cm did tend to induce higher stress levels in the wheat plants
on the first measuring dates (Fig. 4.1, see a full figure in Paper I).

Figure 4.1: Average chlorophyll fluorescence (Fv/Fm) of the treatment for the three winter wheat cultivars on the two
first days of measuring. BG is Belgrade, BM is Benchmark and SUB is Substance. Error bars indicate 95% confidence
interval for each CD combination. For the full figure, see Paper I, Fig. 3.

The hypoxic treatments had no impact on the grain yield and total yields at maturity, which were
only governed by cultivar choice (Paper I, Table 5). Both the grain and straw yields for the BG
cultivar were significantly lower than those for the BM and SUB cultivar (Fig. 4.2). It is possible
that the lower biomass was related to Pn generally being lower for the BG cultivar, although the
Pn of BG was not significantly different from the other treatments (Paper I, Fig. 2). However,
while the BG cultivar had significantly lower grain yield and total yields than the other two cultivars, it appeared to be equally adapted to hypoxia since no significant difference was observed
between the BG control and any of the hypoxic BG treatments. Neither were the controls for BM
or SUB significantly different from any of their hypoxic treatments (Paper I, Table 5).
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Figure 4.2: The relation between yields and N uptake for the wheat varieties. BG is Belgrade, BM is Benchmark and
SUB is Substance. (a) is the N uptake and yield of the grain and (b) is the total N uptake and yield. R2 indicates the
goodness of fit for a linear regression between total nutrient uptake and total biomass and the grey areas indicate
the 95% confidence interval around the linear regression lines in blue.

4.1.2 Effect of hypoxia on the uptake of nutrients in the shoots of winter wheat
The N status of the wheat at maturity was not affected by the hypoxia treatments (Paper I, Table
5), only by cultivar choice. Thus, the higher N uptake in the BM cultivar compared to the BG cultivar (Fig. 4.2) was due to a greater biomass accumulation rather than to a change in the N concentration, particularly since BM generally had a higher Pn than BG. A strong linear relationship
was observed between the N uptake at maturity and the grain and total yields (Fig. 4.2a, b), with
determination coefficients above 80%.
Unlike the grain yield, total yield and N status of the aboveground biomass, the concentrations of
some of the macro- and micronutrients were affected by hypoxia (Paper I, Figs. 5 and 6), mainly
in the straw (Paper I, Fig. 6) with only Ca unaffected by the hypoxia treatments. Hypoxia was thus
the primary parameter impacting the concentration of macro- and micronutrients in the straw of
hypoxic wheat, but no distinct pattern regarding increased and decreased concentrations could
be detected. Cultivar, on the other hand, mainly governed the concentrations of macro- and micronutrients in the grain (Paper I, Fig. 5). This could mean that the grains are unlikely to reach
deficit or toxic levels of macro- and micronutrients under hypoxia. Consequently, Paper I indicated that hypoxia had no negative impact on the quality of the grains, since it did not influence
the N concentration of the grains either.
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While hypoxia influenced the concentration of the macro- and micronutrients, cultivar mainly
governed the uptake (Fig. 4.3). BG tended to have the lowest uptake and BM the highest, giving a
strong linear relationship between the uptake of nutrients and the total biomass accumulation, as
BG generally had the highest concentrations (Paper I, Figs. 4 and 5) but lowest uptakes (Fig. 4.3),
particularly of Fe, K, Mg and P which had determination coefficients ranging between 54-83%
(Fig. 4.3 c,d,e,g). Hence the uptake of macro- and micronutrients depended more on biomass
accumulation than nutrient concentration.

Figure 4.3: Nutrient uptake in the cultivars BG, BM and Sub as a function of the total dry biomass. BG is Belgrade,
BM is Benchmark and SUB is Substance. R2 indicates the goodness of fit for a linear regression between total nutrient
uptake and total biomass. Highlighted at the top are the factors that had a significant impact on the concentration,
where * indicates a P-value below 0.05, ** a P value below 0.01 and *** a P value below 0.001. Note that this figure
is also shown in Paper I, Fig. 6.

4.2 Climate chamber experiment (Paper II)
4.2.1 Effect of anoxia on the shoot development of spring wheat
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Anoxia generally decreased the biomass accumulation at all development stages when introduced
and particularly in the 10-day treatments (Paper II, Fig. 1a), corresponding to the decreases of Pn
on the last day of treatment (Fig. 4.4). The impact of anoxia on the shoot biomass would therefore
appear to increase with the duration of the anoxic event because of decreased Pn , especially at
tillering and flowering.

Figure 4.4: Average Pn measured on the last day of treatment in the anoxic treatments and the control treatment.
Standard errors indicate the 95% confidence interval of the measurements in each treatment. Treatments denoted
with different letters are significantly different from each other at P<0.05. Note that this figure is also presented in
Paper II, Fig. 2.

Pn generally decreased under anoxia (Fig. 4.4) and during flowering to levels where senescence
was so pronounced that Pn could not be measured (Paper II, S2). However, the total shoot N
concentration only decreased significantly when anoxia occurred at tillering for 10 days (Paper II,
Fig. 1d). Thus, it appears that reduced leaf N concentration due to anoxia did not influence Pn.
However, no direct measurements of leaf N concentration were made in Paper II, why it is plausible that anoxia did decrease leaf N before it decreased total shoot N, particularly since pale green
leaves following five and 10 days of anoxia at tillering were observed (Paper II, S2 a, b and c).
However, during flowering when leaf senescence was prominent, discolouration of the leaves
could indicate remobilisation of N to other organs, such as the grain, especially, since no differences in total shoot N concentration could be detected between plants exposed to anoxia for 10
days at flowering and the control on the last day of treatment.
4.2.2 Effect of anoxia on the yield of spring wheat
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At maturity, both the grain yield and the total yield were affected by an interaction between the
development stage at which anoxia was introduced and the duration of the event (Table 3.1),
whereby yields and especially grain yields generally decreased as the duration of anoxia increased
and, in particular, when anoxia occurred at the flowering stage.
The main factor causing yield loss in plants exposed to anoxia, particularly for the 10-days anoxia
treatment at flowering, was changes to the kernel 1000 weight. The determination coefficient of
grain yields in relation to the kernel 1000 weight was 46% (Fig. 4.5c). Generally, anoxia reduced
the kernel 1000 weight independent of development stage when compared to the control, with
the most substantial reduction at the flowering stage compared to the tillering and booting stage
(Table 4.1).
Table 4.1: Yield components determined at maturity in the control and anoxic treatments. Total yield includes leaves,
stems, and grains. Means that have no letters in common are significantly different from each other (P<0.05) according to the Tukey test and multiple comparisons with correction for multiple testing by the single-step method. Twoway ANOVA table at the bottom shows which factors affected the yield components at maturity. * indicates a P-value
below 0.05, ** indicates a P value below 0.01 and *** indicates a P value below 0.001.

Development
stage

Anoxia
Duration
(days)

Grain
yield
(g/pot)

0

Total
yield
(g/pot
)
10.10a

Grain
number/spik
e
19.75b

Kernel
weight
(mg)

5.41a

Spike
number/po
t
9a

Control
Tillering

5

10.96a

5.31a

8a

25.75a

27.53b

Tillering

10

10.65ab

4.91ab

7a

22.50b

28.84b

Booting

5

9.50a

5.34a

10a

23.50a

25.26b

Booting

10

11.38a

5.85a

12a

18.50b

26.67b

Flowering

5

8.88b

3.99b

7a

29.75a

19.54b

Flowering

10

6.06c

2.65c

7a

19.75b

19.20b

Duration

-

-

-

*

-

Develop-

-

-

-

-

***

*

*

-

-

-

31.82a

ment stage
Interaction

The number of spikes also showed a good correlation to the grain yield with a determination coefficient of approximately 30% (Fig. 4.5a). The number of spikes was not affected by the development stage at which anoxia occurred or by the duration of the anoxic event (Table 4.1). While the
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anoxic treatments tended not to influence the number of spikes, they did have significant impacts
on the number of grains per spike (Table 4.1). The number of grains per spike significantly increased when anoxia lasted five days at all development stages and particularly at the flowering
stage (Table 4.1). Paper II concluded that short-term anoxia could increase the grain number per
spikes independent of the development stage at which anoxia occurs. Interestingly, anoxia tended
not to influence the number of grains per spike when lasting for 10 days (Table 4.1). Consequently,
the difference in the number of grains per spike between the five- and 10-day treatments likely
explains why the number of grains had the lowest determination coefficient of 0.1% of all the yield
parameters and little influence on the grain yield (Fig. 4.5b).

Figure 4.5: Correlation between the grain yield and the yield components. (a) No. spikes, (b) No. grains per spike and
(c) Kernel 1000 weight at maturity. Blue lines indicate the best linear regression and the grey areas indicate the 95%
confidence interval of the regression line.

4.2.3 Effect of anoxia on the N-uptake and grain quality
While anoxia significantly reduced the N concentration of the shoot biomass during the 10-day
treatment at tillering, this had no impact on the shoot N concentration at maturity (Fig. 4.6 a,c).
The 10-day anoxia at tillering influenced neither the N harvest index (NHI), the total N uptake,
nor the grain N concentration at maturity (Fig. 4.6,b,c,e). Anoxia only affected NHI when introduced during the flowering stage (Fig. 4.6e ). The lower remobilisation of N in the 10-day flowering treatment, as revealed by NHI, suggested impaired grain quality compared to the other treatments. However, anoxia at flowering had no impact on the grain N concentration at maturity (Fig.
4.6c). Consequently, the lower remobilisation of N in the 10-day flowering treatment must be an
effect of lower biomass accumulation rather than decreased N concentrations, which explains why
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the N uptake in the 10-day flowering treatment was lower than in the other treatments (Fig.
4.6b,d). Thus, the 10-day flowering treatment resulted in a higher concentration of N in the total
biomass and grains (Fig. 4.6a,c) due to a lower degree of dilution consequently to lower biomass
production. The results from Paper II therefore imply that yield loss under anoxia is quantitative
rather than qualitative since the N concentration had not decreased significantly at maturity.

Figure 4.6: The N concentration (a, c) and uptake (b, d) in the total aboveground biomass (a, b) and the grain (c, d)
and the N harvest index (e) at maturity. Standard errors indicate the 95% confidence interval of the measurements
in each treatment. Treatments denoted with different letters are significantly different from each other with a least
significant difference at P<0.05. Note that this figure is also presented in Paper II, Fig. 5.

4.2.4 Effects of anoxia on the nutrient uptake in the shoots of spring wheat
The anoxia treatment only influenced the macro- and micro nutrient concentrations at maturity
when introduced during the booting and flowering stages (Paper II, Fig. 6). At the booting stage
the concentrations of Cu, K and Mn (Fig. 4.7c,g,k) decreased after 10 days of anoxia, whereas
anoxia for 10 days at flowering increased the concentrations of Ca, K and Mg (Fig. 4.7a,g,i).
Likewise anoxia only influenced the uptake of the macro- and micronutrients, at maturity when
introduced at the booting and flowering stages. Macro- and micronutrients generally depended
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on biomass accumulation rather than changes to the concentration (Fig. 4.7). The only nutrient
for which uptake at maturity primarily dependent on the concentration was Ca (Fig. 4.7a, b). For
Fe and Mn the uptake at maturity was strongly dependent on both the concentration and biomass
(Fig. 4.7e, f,k,l) while the biomass accumulation controlled the uptake of Cu, K, Mg and P (Fig.
4.7c,d,g,h,i,j,m,n) at maturity.

Figure 4.7: Macro- and micronutrient uptake as a function of the concentration (a, c ,e, g, i, k and m) and the biomass
(b, d ,f, h, j, i and n) for the nutrients Ca (a,b), Cu (c, d), Fe (e, f), K (g, h), Mg (i, j), Mn (k, l) and P (m, n). Note that
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blue lines indicate the best fitted linear regression and grey areas indicate the 95% confidence interval around the
linear regression lines.

4.3 Outdoor pot experiment (Paper III)
4.3.1 Effect of anoxia on the shoot development of winter wheat
Anoxia tended to decrease the biomass accumulation at all development stages, and in particular
following 15 days of anoxia, although at no time was this significant. Anoxia tended to decrease
the concentration of N in the tillers, and particularly after 15 days of treatment (Fig. 4.8d,e,f), but
the decreases were only significant after 15 days of treatment at the tillering stage (Fig. 4.8d).

Figure 4.8: Biomass accumulation in the tillers (a, b, c) and N-concentration in the tillers (d, e, f) at the development
stages tillering (a, d) booting (b, e) and flowering (c, f), measured on the last day of the anoxic treatment in both
treated and control plant. Treatments denoted with different letters are significantly different from each other at
P<0.05. Error bars indicate the 95% confidence interval of each treatment. Note that the N concentration is also
shown in Paper III, Fig.5.

Anoxia decreased the leaf chlorophyll concentration compared to the control at both the tillering
and flowering stage following 10 and 15 days of treatment (Fig. 4.9a,c), but tended not to influence
the leaf chlorophyll concentration when introduced at the booting stage since none of the anoxic
treatments differed from the control at any point (Fig. 4.9b). Anoxia also affected stomatal conductance after 10 and 15 days of treatment at the tillering stage and after 15 days of treatment at
the flowering stage (Paper III, Fig. 3), indicating an effect on the photosynthetic parameters of
wheat when anoxia is introduced at tillering and flowering for durations of 10 days or longer.
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Figure 4.9: Chlorophyll after 3, 5, 10 and 15, days of WL, corresponding to the last day of treatment at the different
development stages T (a), B (b) and F (c). The significance level is indicated by P, and error bars indicate the 95%
confidence interval of each treatment. Note that the figure also appears in Paper III, Fig. 4.

4.3.2 Effect of anoxia on the yield of winter wheat
The development stage at which anoxia occurred did not influence the straw and grain yield at
maturity. Consequently, the duration of the anoxic treatments was the only parameter affecting
the grain yield and total yield(Paper III, Table 4). While anoxia tended to slightly decrease the
grain yields as a function of the duration, no significant differences between the grain yield of the
control and any of the anoxic treatments were apparent. The only significant difference observed
was between the grain yield of the 10-day and the 15-day anoxic treatments, which represented
the largest and lowest yields, respectively (Paper III, Table 4). The anoxic treatments had no significant influence on any of the yield components (no. of spikes, no. of grains per spike and kernel
1000 weight). However, anoxia did tend to decrease the number of spikes as a function of the
duration (Paper III, Table 4). Consequently, the number of spikes per pot primarily determined
the grain yield at maturity, which explains why the number of spikes per pot had a determination
coefficient of 30% (Fig. 4.10a) when the number of grains per spike and the kernel kennel 1000
weight had determination coefficients of 3% and near 0%, respectively (Fig. 4.10b,c). Consequently, neither the number of grain per spike nor the kernel 1000 weight had any influence on
the grain yield at maturity.
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Figure 4.10: Correlation between the grain yield and the yield components. (a) No. of spikes, (b) No. of grains and (c)
Kernel 1000 weight at maturity. Blue lines indicate the best linear regression, and the grey areas indicate the 95%
confidence interval of the regression line.

The reduced N concentration seen in the tillers at the end of the 15-day anoxic treatment at the
tillering stage had recovered to the level of the control at maturity. Consequently, the N uptake at
maturity followed the biomass accumulation rather than the N concentration for all treatments
(Fig. 4.11a,b) with the 10- and 15-day anoxic treatments having significantly different N contents
from each other at maturity (Paper III, Fig. 6c).

Figure 4.11: Correlation between grain N uptake and grain N concentration (a) and the grain yield (b) at maturity.
Blue lines indicate the best linear regression, and the grey areas indicate the 95% confidence interval of the regression
line

4.3.3 Effects of anoxia on the nutrient uptake in the shoots of spring wheat
At maturity, the development stage had no influence on the concentration and uptake of Ca and
Mn (Paper III, Table 5), but the duration of the anoxic treatments influenced the concentration of
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Mn (Fig. 4.12c) and tended to increase the concentration of Ca (Fig. 4.12a). Likewise, the duration
of anoxia slightly increased the uptake of both Ca and Mn in the 15-day treatment (Fig. 4.12b,d).
Consequently, the uptake of Mn and Ca primarily depended on changes of the concentrations in
the biomass rather than differences in the biomass accumulation (Fig. 4.12).

Figure 4.12: Total uptake of Ca (a, b) and Mn (c, d) as a function of the total concentration at maturity (a, c) and the
total yield at maturity (b, d) for plants exposed to 0 (control), 5 and 15 days of anoxia. Blue lines indicate the best
linear regression, and the grey areas indicate the 95% confidence interval of the regression.
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5. Discussion
5.1 Discussion of hypothesis
In the following subsection hypotheses (a) to (e) will be discussed one at a time in numbered
order.
5.1.1 Effect of hypoxia and anoxia on yield due to reduced photosynthesis
In Paper I, hypoxia had little influence on wheat development, as differences in Pn caused by
hypoxia only occurred on one of the measuring dates. Neither did hypoxia cause differences to
chlorophyll fluorescence and therefore the yields at maturity. This partly contradicts the findings
of Malik et al. (2001), who found that a drainage depth of 10 cm caused significant reductions of
Pn, while a drainage depth of 20 cm had little impact on Pn. Recent studies have also shown that
Pn and dry matter accumulations can decrease in plants exposed to drainage depths down to 30
cm (Xia et al., 2018). Thus, we expected to see a significant reduction of Pn in wheat with a drainage depth of 10 cm when compared to the control and other hypoxic treatments. However, in
Malik et al. (2001) the average day/night temperature was 20/15 ºC while the temperature during
the hypoxic period in Paper I ranged between -3.0 to 9.1 ºC. Consequently, the difference in temperature might account for the different responses to hypoxia in the two studies as the influence
of anoxia increases under higher temperatures (Herzog et al., 2016); especially as Pn can decrease
within the first 24 hours of anoxia under warm conditions (Malik et al., 2001;Herzog et al., 2016).
In contrast to Paper I, Pn was reduced significantly in Paper II during anoxia, while anoxia reduced the photosynthetic parameters (stomatal conductance and leaf N) in Paper III. Short-term
anoxia (5-15 days) therefore had more significant impacts on photosynthesis and photosynthetic
parameters than long-term hypoxia (three months). However, differences in the temperatures
among the three experiments might explain why Pn was reduced significantly in Paper II and why
the photosynthetic parameters were reduced in Paper III, while no impacts were observed in Paper I. In both Papers II and III anoxia occurred at temperatures above 15 ºC (Fig 6. 1b,c), while
the maximum temperature was 9.1 ºC in Paper I during the treatment period (Fig. 6.1a). Malik et
al. (2001) found that Pn decreases more under anoxia compared to hypoxia, which is supported
by the results in Papers II and III, where completely anaerobic environments were introduced
during treatment while partly anaerobic environments were introduced during the hypoxic treatments in Paper I.
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Figure 5.1: Daily average temperatures measured at 2 m height for (a) the Foulum experiment (Paper I), (b) the
experiment in Nanjing (Paper II) and (c) the experiment in Shijiazhuang (Paper III) from sowing to harvest. Note
that for Paper II the average daily temperatures are the ones measured in the Xinjiang region of China. The vertical
lines indicate the treatment period of hypoxia (a) and anoxia (b, c) in the three experiments.

While anoxia reduced Pn and the photosynthetic parameters in respectively Paper II and Paper
III, faster plant responses of five days were triggered in Paper II compared to the 10-15 days in
Paper III. Under high temperatures, oxygen is depleted faster in soil owing to a higher microbial
activity (Saggar et al., 2013), which is why anaerobic environments develop faster in warm climates (Abdalla et al., 2009;Tan et al., 2018). Consequently, anaerobic conditions could have occurred faster in Paper II compared to Paper III since the average temperatures ranged from 20.032 ºC and 16.0-25.8 ºC during the treatment periods in, respectively, Paper II and Paper III.
Moreover, previous studies have shown more significant yield losses in anoxic wheat grown at
high temperatures (Herzog et al., 2016) where yields can be reduced by 41% when anoxia occurs
at 18 ºC compared to at 6 ºC (Trought and Drew, 1982) and where 30 days of anoxia at 25 ºC
could reduce grain yields by up to 73% (Luxmoore et al., 1973). Thus, reductions in photosynthesis
during anoxia can have a significant influence on biomass accumulation and consequently yields
(Shao et al., 2013). The higher temperatures in Paper II might therefore account for the more
substantial yield losses when compared to Paper III where anoxia did not influence the yields at
maturity.
Accordingly, the results from Papers II and III support hypothesis (a) as anoxia did decrease photosynthesis and photosynthetic parameters. However, differences in yield could only be directly
linked with a decreased net photosynthetic rate in Paper II. During hypoxia, no indications of
reduced photosynthesis due to treatment occurred, why Paper I does not support hypothesis (a).
However, previous studies have shown that hypoxia can influence photosynthesis under warmer
climates.
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5.1.2 Effects of anoxia at different development stages on yield loss
Both Paper II and Paper III found that anoxia influenced photosynthesis and the photosynthetic
factors differently depending on the development stage at which

anoxia was imposed.

In both papers, anoxia reduced the N concentration in the aboveground biomass after respectively
10 and 15 days of treatment during the tillering stage. Furthermore, leaf N concentrations fell
following 10 days of anoxia in Paper III, and possibly in Paper II as indicated by pale green leaves.
Wollmer et al. (2018) reported similar findings, where anoxia reduced primarily wheat shoot N
concentrations during the early development stages by up to 30% compared to the control plants.
While anoxia can decrease shoot N concentrations, recovery can occur when the event happens
during the early development stages (Malik et al., 2001;Wollmer et al., 2018c). This corresponds
to the findings in both Paper II and III where respectively the 10- and 15-day tillering treatments
both had recovered to the N level of the control at maturity. Larger N uptakes often follow transient N deficits caused by anoxia during the early growth (Jiang et al., 2008;Robertson et al.,
2009;Ren et al., 2017) owing to most of the wheat N uptake occurring from stem elongation until
the end of the booting stage (Alley et al., 2009). Thus, transient anoxia can affect the N concentration and consequently N uptake during the early development, but recovery is likely before
maturity.
Anoxia at the booting stage did not influence the N concentration of the shoots in either Paper II
or III. However, the highest grain yield and total yield were obtained by anoxia at the booting
treatments in both papers due to a larger number of tillers, though previous studies have shown
that anoxia decreases yields by approximately 2% per day of treatment during the stem elongation
period (Marti et al., 2015). Increased tiller formation following anoxia at booting has previously
been reported for some Chinese wheat cultivars (Wu et al., 2015). Two studies suggest that anoxia
has little impact on the final number of spikes at maturity since it only inhibits primary tillers 1
and 2, and only causes a delay in the remaining tiller production (Dickin and Wright, 2008;Robertson et al., 2009). These results explain why the increased number of spikes in the anoxic booting treatments of Paper II and III had little impact on the yield at maturity. It is thought that the
formation of adventitious roots must have followed during anoxia at the booting stage since adventitious roots can ensure N uptake during short transient periods of waterlogging (Dresbøll and
Thorup-Kristensen, 2012) and support plant growth when the seminal root system stops functioning (Sauter, 2013). Additionally, in Papers II and III, Pn increased when anoxia lasted for 10
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days at the booting stage, where anoxia resulted in respectively a higher Pn and stomatal conductance. Therefore it appears that the slightly larger yields obtained in the anoxic booting treatments
were due to small increases in the net photosynthetic rate, possibly due to a more extensive formation of adventitious roots which are better aerated due to their greater formation of
aerenchyma (Else et al., 2009).
At the flowering stage, the shoot N concentration did not decrease following anoxia in either Paper
II or Paper III, but leaf N concentrations decreased during anoxia at the flowering stage in both
papers after respectfully five and 10 days of treatment. These results correspond to the findings
of Li et al. (2011) and Wu et al. (2014) where anoxia at flowering resulted in leaf senescence.
Therefore, it would appear that anoxia at flowering causes early relocation of N, rather than restricting the N uptake. This is likely due to approximately 80% of the N uptake occurring before
flowering (Alley et al., 2009), why anoxia at flowering is associated with reduced remobilisation
of N from storage organs to the grains (Jiang et al., 2008). This is further supported by Paper II
where the 10-day anoxic flowering treatment had a lower N harvest index compared to the other
treatments, indicating a lower remobilisation of N to the grains.. However, in Paper II anoxia
during flowering resulted in a lower N content in the grains, although there were no differences
in the grain N concentration among the treatments. Instead, the lower grain N content was caused
by reduced biomass accumulation, as also seen for maize (Ren et al., 2017), corresponding to the
early leaf senescence which likely reduces the leaf chlorophyll concentrations and the efficiency
of photosystem II (Betancourt-Osorio et al., 2016), resulting in a reduced Pn. These findings are
in line with previous studies where anoxia at anthesis reduced Pn by between 15.2% (Wu et al.,
2014) and 48.8% (Li et al., 2011) compared to untreated crops. However, as opposed to anoxia at
tillering, the reduction of Pn in the anoxic flowering treatments of Papers II and III could not be
related to reduced N concentrations in the shoots, but rather to the redistribution of N from the
leaves to the grains, why the leaf chlorophyll content decreased in Paper III and why early leaf
senescence occurred in Paper II.
Although both Paper II and Paper III indicated that the development stage was determining for
the immediate response of wheat to short-term anoxia, Paper II had a greater effect of development stages which influenced both the grain yield and the total yield losses at maturity. This could
be due to both warmer conditions resulting in more severe stress during anoxia (Trought and
Drew, 1982) or due to differences in cultivars. The cultivar in Paper II was a spring wheat cultivar,
while the Paper III cultivar was winter wheat. This could be crucial as the winter wheat had a more
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extended growth period of 242 days where the spring wheat grew for 104 days (Fig 5.1b,c). Consequently, a better establishment of wheat plants was possible in Paper III compared to Paper II
before the anoxic treatments began. Additionally, a more extended recovery period following
treatment in Paper III compared to Paper II might account for the lack of response of yield to
development stage in Paper III. Papers II and III therefore support hypothesis (b) as the immediate responses to anoxia differed at the development stages. However, the influence of anoxia
did not necessarily increase when anoxia occurred at flowering, as suggested in hypothesis (b).
Instead, the most significant immediate impacts were observed during tillering. However, due to
subsequent recovery, anoxia at tillering had no influence on the yield at maturity.
In Paper III, the development stages had no influence on the yields at maturity, while yields and
development stages were correlated in Paper II. Only in Paper II did development stage impact
the grain yield quantity and the influence of anoxia on yields increase at flowering compared to
the earlier development stages.
5.1.3. Impact of duration and intensity of anoxia and hypoxia on N and yields
The hypoxic treatments had no effect on the yields at maturity in Paper I, although they tended to
decrease the Fv/Fm in plants with the 10 cm drainage depth before drainage started, inflicting
more stress on plants exposed to a drainage depth of 10 cm than in the plants of the control and
other hypoxic treatment. This corresponds well to the results of Malik et al. (2001) where plants
exposed to hypoxia at 10 cm drainage depth experienced severe stress compared to plants which
had a drainage depth of 20 cm. However, a more severe response occurred in Malik et al. (2001)
than in Paper I, owing to the previously discussed difference in temperature (section 5.1.1). Consequently, climate projections indicate that higher stress levels should be expected for severely
hypoxic wheat in Denmark as the global average temperature is rising and more extreme rain
events will happen (IPCC, 2014). Therefore, it is possible that the application of CD during future
Danish winters will have a greater negative influence on plant development when the drainage
depth is 1o cm, especially if CD starts during the early autumn as suggested by Carstensen et al.
(2017), since the average day/night temperature during September has been 16.4/9.1 ºC from
1961-1990 (DMI, 2017). Thus a temperature increase of 1.5-2.0 ºC as expected (IPCC, 2018) could
result in temperatures similar to the ones in Malik et al. (2001).
Other studies on the influence of drainage depth on yields of winter-sown crops in Denmark have
shown that yield output increases when drainage depth increases (Hansen and Rasmussen,
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1969;Kjellerup, 1973). In those studies the drainage depth was constant throughout the growing
season, indicating that hypoxic conditions might have more significant impacts on the yield of
winter wheat when introduced during the later development stages compared to at tillering as in
Paper I. The hypoxia period in Paper I was furthermore followed by a strong recovery (Fig. 5.1)
unlike in Hansen and Rasmussen (1969). Hence, the recovery period before maturity could be
part of the explanation for why hypoxia did not have a long-term impact on the dry matter and N
yields at maturity in Paper I. This is consistent with other results, where long recovery periods
following hypoxia and anoxia have resulted in full recovery for wheat (Malik et al., 2001;Malik et
al., 2002).
The duration of anoxia influenced the development and growth of wheat in both Paper II and III.
In Paper II the duration of anoxia primarily affected the yields of the spring wheat at maturity,
while in Paper III the duration influenced both the immediate responses (tiller N concentration,
leaf N concentration and stomatal conductance) and the yield. However, it is possible in Paper II
that leaf N concentration also decreased with the duration of anoxia, particularly at the tillering
stage as indicated by the lighter green colour after five and 10 days of the anoxic treatment (Paper
II, S2). However, in both Paper II and III the duration of anoxia had its most significant influence
on the grain yields. Nonetheless, the influence of the anoxic duration was more visible in Paper II
where it influenced the yield components (no. grains per spike), the grain yields and total DM
yields, while it only influenced the grain yield and total yield at maturity in Paper III. Thus, the
duration of anoxia had a greater influence on the grain yield in Paper II compared to Paper III,
albeit a more significant yield loss following 15 days of treatment in Paper III compared to 10 days
in Paper II was expected, since the influence of anoxia increases with the duration of the event
(Herzog et al., 2016). Consequently, these findings were unlike previous studies where yields decreased in proportion to the duration of the anoxic event when anoxia occurred at flowering (Olgun et al., 2008) or during the stem elongation period (Marti et al., 2015). However, the temperature differences between Paper II and III likely explain the greater influence of the anoxic duration in Paper II compared to Paper III. Additionally, it is possible that the spring wheat cultivar
used in Paper II was more sensitive to anoxia compared to the winter wheat cultivar in Paper III,
particularly as the spring wheat cultivar originates from an area where anoxia rarely occurs.
While the duration of anoxia had an impact on the yield in both Paper II and III, it did not influence the grain quality in either of the two papers, since no decreases in grain N concentration was
materialized. Similar results have been found for winter wheat exposed to 14 days of anoxia. In
- 36 -

that study the grain protein concentration remained unaffected by anoxia, but the protein content
was significantly decreased consequently to anoxia resulting in smaller grains (Wollmer et al.,
2018b). This implies that anoxia only diminish grain yield quality when lasting for periods longer
than 15 days, particularly at the flowering stage. Thus, short-term anoxia has little impact on the
grain yield quality. Such results are in agreement with previous studies, where grain quality (grain
N concentration and protein levels) was impaired when anoxia lasted for more than 20 days at
anthesis (Xie et al., 2003;Jiang et al., 2008). Additionally, anoxia can reduce the grain N concentration by up to 16% and protein content by 11% after 44-58 days of treatment during the tillering
and stem elongation period (Dickin and Wright, 2008). Thus, anoxia has to last for more than 10
to 15 days at all developing stages before it diminish grain quality (grain N concentration), why
transit short-term anoxia lowers the quantity of grain yields rather than the quality. Still impaired
grain N concentration can occur after, an anoxic period of approximately 20 days, while more
prolonged anoxic periods are needed to decrease grain quality(grain N concentration) during the
early development stages. However, while anoxia had little influence on the grain N concentration
and thus the protein concentration, impaired grain quality due to anoxia could have occur consequently to shifts in the protein composition of the grains (Wollmer et al., 2018b). Consequently a
more extensive analysis of the grain quality might be need to determine whether anoxia influence
the grain quality.
Accordingly, Papers II and III support hypothesis (c), as the impact on the final yield depended
on the duration of the anoxic event. However, the impact on the yields only affected the quantity
of the grain yield and thus no qualitative apprehensions related to anoxia for 15 days or less were
raised by this PhD project. The results from Paper I are somewhat contradictory of hypothesis (c)
since there only tended to be higher stress levels in the treatments with the shallow drainage
depths.
5.1.4 Cultivar sensitivity to hypoxia
The lower Pn, grain yield and total yields observed for the BG cultivar compared to the BM and
SUB cultivars in Paper I were not caused by anoxia, indicating that there was no difference in
sensitivity among the three cultivars. Some studies have found substantial differences in anoxia
sensitivity among wheat cultivars, expressed as decreases in biomass accumulation and lower
yields at maturity (Dickin et al., 2009). Musgrave (1994) found that differences in Pn and yields
in wheat cultivars exposed to anoxia were unrelated to treatment but were rather an expression
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of pre-genetic differences. Dickin et al. (2009) suggested that such lack of diversity in the sensitivity to anoxia among winter wheat cultivars could be an indication of a high general tolerance,
explained by either unintentional or the selection of cultivars suited for the climate conditions
over time. It is possible that the common winter wheat cultivars used in Denmark have been selected over time to cope with the high groundwater levels that typically occur during the Danish
winters (Carstensen et al., 2016) making them suitable for growth under CD conditions. However,
it should be noted that experiments testing waterlogging sensitivity among cultivars have primarily considered anoxia, while Paper I investigated hypoxia sensitivity. Dickin et al. (2009) found
sensitivity analysis not to be representative when conducted during the seedling state as has previously been practised and Wollmer et al. (2018) found anoxic sensitivity of wheat to depend both
on the immediate response during the stress period and the crop’s ability to recover, and thus
suggested that sensitivity analysis should also consider the yield loss at maturity to evaluate the
impact of stress. Paper I should therefore give a good indication of the hypoxia sensitivity of the
cultivars as the hypoxia sensitivity was tested during both the vegetative stage at tillering and at
maturity. No differences in cultivar sensitivity were actually detected in Paper I, since anoxia had
little or no influence on Pn or FV/Fm, N uptake at maturity or the yields at maturity. Thus, Paper
I contradicts hypothesis (d) as the decreased yields and the Pn of the BG cultivar were not a result
of the hypoxic treatments but related to general differences between the cultivars.
5.1.5 Impact of hypoxia and anoxia on nutrient composition
The concentration and uptake of macro- and micronutrients were influenced by the hypoxic and
anoxic treatments in Papers I, II and III. However, in Paper I the influence on the macro- and
micronutrients were primarily due to cultivar differences rather than the influence of the hypoxic
treatments, excluding the impact on the straw concentrations. These findings support previous
results where the nutrient concentrations of Fe, Zink and Al in anoxic wheat varied depending on
the cultivars(Setter et al., 2009;Wollmer et al., 2018a). Accordingly, cultivar choice can be essential for the macro- and micronutrient uptake under anoxic and hypoxic conditions. Meanwhile,
anoxia had a significant influence on the concentration and uptake of multiple macro- and micronutrients in both Paper II and III and influenced the availability and uptake of nutrients more
than hypoxia.
While neither hypoxia nor anoxia influenced the mature yields in Paper I and III, they both had a
significant influence on the macro- and micronutrient concentrations. Consequently, this PhD
- 38 -

project finds that determination of waterlogging sensitivity requires that both the physiological
and chemical changes must be considered, especially as it appears that macro- and micronutrient
recovery takes longer than the recovery from N deficits and loss of biomass accumulation. This is
in line with the findings of a previous study, which concluded that waterlogging sensitivity depends on both the physiological responses and the chemical responses (Yaduvanshi et al., 2012).
In Paper II, the differences in nutrient uptake were related to the development stage, where anoxia
at the late rather than early development stages was more likely to result in changes in nutrient
uptake. This is in line with previous findings where anoxia around head emergence caused increased concentrations of Mn and Fe in winter wheat, but had no influence on the concentration
when anoxia occurred during the stem elongation period (Wollmer et al., 2018a). The smaller
influence of anoxia on nutrient uptake during the early development stages could be related to an
easier formation of adventitious roots since more energy is directed towards root maintenance in
the early stages of crop life (Noordwijk and Brouwer, 1993), while the energy is primarily directed
toward ensuring grain production during the late development stages (Marschner and Marschner,
2012). However, in Paper III the concentration and uptake of nutrients were related to the duration of the anoxic treatments rather than the development stage. The influence of the anoxic duration in Paper III likely reflects that the soil redox potential in anoxic soil decreases over time
(Sánchez-Rodríguez et al., 2017), which also occurred in Paper III (Paper 3, Fig. 2). Consequently,
nutrients like Mn - which is reduced from the soil-bound Mn3+ to the soluble Mn2+ at a redox
potential of around +150 mV in soil with a pH between 7-8 (Atta et al., 1996) will not be available
before its reduction point is reached (Schlesinger, 1996). Hence, changes in the nutrient uptake
of redox-sensitive nutrients depend on the duration of an anoxic event, as seen for Mn where
Mn2+ does not increase in the soil solution until after seven days of anoxia (Yaduvanshi et al.,
2012). Yet the concentration of Mn in the wheat plants decreased when anoxia lasted for 10 days
during booting in Paper II, while the redox-sensitive Fe decreased under hypoxia in Paper I. These
results are at odds with previous findings where both Mn and Fe increased in anoxic wheat
(Khabaz-Saberi et al., 2007;Setter et al., 2009), as they became more soluble (Hemati Matin and
Jalali, 2016).
Some of the less redox-sensitive nutrients had increased concentrations, as in Paper I where hypoxia increased K, Paper II where Ca, K, and Mg increased when anoxia happened during flowering, and Paper III where Ca increased with the duration of anoxia. However, these findings also
contradict previous studies where Ca, K and Mg decreased in plants exposed to anoxia (Huang et
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al., 1995;Board, 2008). The less redox-sensitive nutrients in Papers I, II and III likely increased
leading to increased solubility of insoluble salts, as seen previously in anoxic soils (Hemati Matin
and Jalali, 2016). Especially Ca can be transported to the root surfaces in amounts 10 times larger
than required by plants (Russell, 1973) due to its abundance in many soils (Schlesinger, 1996).
Consequently, the increased Ca concentrations in Paper II and III could be a result of a high Ca
concentration in the soil, even before anoxia occurred. Previous studies have shown increased Ca
concentrations in young leaves of anoxic wheat leading to a higher Ca uptake (Trought and Drew,
1980), which is in line with the findings of both Paper II and III. White (2001) suggested that the
increased uptake and concentration of Ca in crops indicate damage of the Casparian strips in the
roots. Consequently, root damage might explain the higher uptake of Ca in Paper III and especially Paper II since root adaptation becomes more difficult during the crop life cycle (Thomson
1990) as less energy is directed towards root maintenance during the late-development stages
(Marschner and Marschner 2012).
This PhD study therefore suggests that micro- and macronutrient concentrations in waterlogged
wheat depend on factors other than the soil water/oxygen content and soil redox potentials since
the redox-sensitive nutrient Fe never increased and Mn only increased in Paper III, while some
of the less redox-sensitive nutrients like Ca increased in both Paper II and III. These findings do
not, support hypothesis (e). However, they are in line with the findings of previous studies that
concluded that nutrient uptake of waterlogged wheat in different locations cannot be compared
directly since external factors like soil pH, soil type, and cultivar choice can influence nutrient
availability (Khabaz-Saberi et al., 2007;Yaduvanshi et al., 2012). Another factor is element toxicity, which is suggested to be more likely in soil with high pH values (8.5-9.2) as Mn and Fe tend
to increase in the soil solution with the pH (Yaduvanshi et al., 2012). Thus, the increased Mn
concentration in Paper III could be due to the slightly alkaline soil (pH =8). Consequently, it might
be possible to determine which nutrients will increase in crops exposed to anoxia if the soil pH is
known, lowering the chances of element toxicity by altering the soil pH (Setter et al., 2009).

5.2 Discussion of methodology
5.2.1 Pot experiments vs. field experiment
A challenge for all of the experiments in this PhD was the scale of the experiment. The rather small
and confined areas of the pots in especially Paper II where the sowing density additionally is far
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from what would be expected in fields makes it hard to transfer the experimental results directly
to field conditions. At low plant density the risk of internal competition among the plants for nutrients, particularly N, is reduced under anoxia and consequently the risk of yield losses is decreased (Dickin and Wright, 2008).Thus anoxia in fields under similar conditions to the one instigated in Paper II would likely result in more significant yield losses due to a higher degree of
internal competition for resources among crops. Additionally, pot experiments have limited soil
depth which can have a severe impact on aeration in the soil layers (Passioura, 2006), and experiments in shallow pots are consequently less likely to simulate real field conditions. Thus the
larger pots used in Paper III compared to Paper II likely ensured more realistic results, especially
since undisturbed soil cores were used and more of the structural features of the soil ought to have
been preserved. This can be vital when studying plant nutrient and water relations as structural
features can dominate these dynamics (Passioura, 2006). The limited soil depth of pot experiments also restricts the root development (Ritchie, 1973) that is vital for the survival of crops
exposed to anoxia and hypoxia (Sauter, 2013). The root development observed in pot experiments
is less dynamic than in field experiments, and direct measurements of root morphology and development were therefore excluded in this PhD study. Another major constraint to pot experiments is that the soil temperature is likely to be higher than in fields (Luxmoore et al., 1973), since
the side of the pots (especially dark-coloured pots) absorbs heat (Passioura, 2006). As crops are
sensitive to temperature, increased temperatures can result in shorter growth periods (Luo, 2011)
and lower photosynthesis (Nagai and Makino, 2009), causing yield decreases. That is particularly
the case for crops exposed to anoxia since oxygen depletion occurs faster under higher temperatures (Trought and Drew, 1982), and why anoxia can occur faster in pots compared to fields. The
pots in both Paper II and Paper III likely had higher temperatures than what could have been
measured in the fields, and the responses observed in the pots might have been more extreme
than for field-grown wheat. The Danish lysimeter experiment in Paper I was probably the experiment that experienced conditions most similar to field conditions with a maximum rooting depth
of 1.5 m and the soil having been undisturbed since its installation in the lysimeters in 1992. The
border effect on the yields must also be assumed to be smaller in Paper I compared to the other
papers since the central 0.5 m2 was harvested at maturity, removing potential influence of the
borders, in contrast to all biomass in the pots being harvested at maturity in Papers II and III.
However, since the rooting depth remained restricted in the lysimeters, the soil water relations
and consequently nutrient and water relation of the plants remains unlike those in the open fields
where there is free flow (Passioura, 2006). Although the pot and lysimetric experiments in this
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PhD were limited in many aspects, they did allow for better control of abiotic stressors like anoxia
and hypoxia, which remain hard to control under field conditions (Passioura, 2006).
5.2.2 One-off experiments vs. continuous experiments
The timescale is one of the most significant weaknesses of all three studies presented in this PhD,
as each experiment was only conducted over one growing season. While one-off experiments can
give good indications of experimental tendencies, repetition of experiments will reveal variations
over time (Plaia, 2015). Consequently, continuous experiments allow for determination of
whether effects are caused by random, uncontrollable environmental factors or the applied treatments (Plaia, 2015). However, due to the three-year time restriction of the PhD study, it was not
possible to repeat the experiments. We recognize that annual replications of the experiments
would have increased their generality and help to determine if the responses observed were
caused by the hypoxic and anoxic treatments or other factors. This is particularly so since the
sensitivity to yield-controlling factors changes depending on the annual climate conditions in anoxic (Wu et al., 2015) and hypoxic wheat (Dickin et al., 2009). Subsequently, it can be difficult to
conclude something based on each of the three papers individually. However, since all three papers show similar results for a number of the measured parameters while having been conducted
under different soil and climatic conditions, the measured effects could be related to the treatments rather than to any other external factors.
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6. Conclusion
The following conclusions relating to hypotheses (a) to (e) can be reached:
a) Hypoxia did not reduce the net photosynthetic rate in Paper I, why hypoxia did not influence
the yields at maturity. Consequently, Paper I does not support hypothesis (a). However, the net
photosynthetic rate and the photosynthesis factors (stomatal conductance and leaf N concentration) were reduced significantly in respectively Paper II and III during anoxia, although it only
translated into yield losses in Paper II. Thus short periods of complete waterlogging (up to 15
days) under warm conditions have greater influence on photosynthesis compared to long periods
of partial waterlogging (approx. three months) under cold conditions.Hence, Papers II and III
support hypothesis (a) since the photosynthesis and photosynthetic parameters were reduced;
however, reductions in photosynthesis during anoxia cannot always be translated into yield losses
at maturity.
b) The development stage at which anoxia occurs influenced the immediate response of wheat
(reduced photosynthesis, loss of leaf N concentration, reduced N concentration of the entire
tiller/plant, and reduction of stomatal conductance) in both Paper II and III. The tillering stage
had the most severe immediate responses followed by flowering and booting. Development stage
only influenced the yields at maturity in Paper II where anoxia at flowering reduced yields significantly. Consequently, the impact of development stage on yield loss under anoxia might depend
on external parameters such as climate conditions since the temperature was higher in Paper II
compared to Paper III. Thus, both Paper II and III support hypothesis (b) since the immediate
crop responses to anoxia differed depending on the development stage. However, anoxia did not
necessarily decrease yields more when it occurred at flowering, as suggested in hypothesis (b).
c) The hypoxic treatments in Paper I did not influence the yields, grain N concentration or N content at maturity. Thus Paper I does not confirm hypothesis (c). However, the duration of anoxia
influenced both yields and grain N content at maturity in both Paper II and III where yield losses
generally increased with the duration of the anoxia event. The duration of anoxia did not influence
the concentration of N in the grains at maturity, why differences in grain N content depended on
the biomass accumulation. Consequently, short-term anoxia of up to 15 days influenced the quantity of the grain yields rather than the quality. Thus, Papers II and III support hypothesis (c) as
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yield losses generally increased with the duration of the anoxic event; however, anoxia only reduced the quantity of the grain yields.
d) Cultivar choice did influence the net photosynthetic rate during hypoxia and the recovery period, as well as the yield at maturity in Paper I. These findings indicate that differences in yield
and photosynthesis were due to genetic differences (Cultivars), but no differences in waterlogging
tolerance were found. Paper I does not support hypothesis (d) since the cultivars appeared to have
equal waterlogging tolerances.
e) Hypoxia and anoxia influenced the concentration of macro- and micronutrients in Paper I, II
and III. In Paper I the uptake primarily depended on biomass accumulation rather than the concentration, why Paper I does not support hypothesis (e). It appears that anoxia has a more direct
influence on the uptake of nutrients than hypoxia. However, while anoxia influenced the macroand micronutrient concentration and uptake in Papers II and III, the results do not support hypothesis (e) as redox-sensitive Fe and Mn did not always increase in the plant tissue of wheat
exposed to anoxia. The uptake of the less redox-sensitive nutrients K, Mg, and particular Ca, on
the other hand, tended to increase when wheat was exposed to both hypoxia and anoxia.
Thus, the hypothesis (a, b and c) are valid in Paper II and III, but had to be rejected in Paper I.
This appeared mainly to be an effect of the temperatures, so under warm conditions the hypothesis could mostly be supported, while they had to be reject when having WL under cold climate
condition
Besides the conclusions related to the hypotheses, this study also found that:
• Anoxia and hypoxia sensitivity cannot be determined based on measurements taken only during
the anoxic/hypoxic period, as recovery to near normal conditions is possible. Thus, the sensitivity
analysis should consider both the immediate impacts during anoxia/hypoxia and the ability to
recover once anoxia/hypoxia ceases.
• Anoxic and hypoxic sensitivity tests should consider changes to both the physiology and nutrient
status of wheat since recovery from N deficits and biomass losses happen faster and is stronger
than the recovery to near normal nutrient levels of multiple macro- and micronutrients.
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7. Perspectives
Based on the PhD study, it is suggested that further work related to the impacts of anoxia and
hypoxia on crops, and in particular wheat, should consider the following:


While the results from Paper I indicate that controlled drainage is suitable under Danish
climate conditions, it remains important to determine whether the application of controlled drainage and thus hypoxia would influence yields differently depending on soil type
and crop choice.



Further research related to the application of controlled drainage in Denmark might also
consider introducing controlled drainage during early autumn to optimise denitrification
potentials and examine if higher temperatures induce a higher level of plant stress.



To obtain a better understanding of how development stages interact with anoxia, future
research needs to compare different cultivars under the same soil and climate conditions
but for a wide range of scenarios to determine whether anoxia tolerance is externally determined or genetically predetermined.



Further research regarding the impact of anoxia on the plant N status might investigate
whether reduced leaf and shoot N concentrations during short-term anoxia at tillering are
caused by reduced N uptake in the roots or limited remobilisation of N from roots to
shoots, which would improve the understanding of N dynamics in plants exposed to anoxia.



Considerably more work will be needed to determine how anoxia and hypoxia impact the
macro- and micronutrient balance of wheat, and it is recommended that changes in nutrient uptake are investigated in relation to climate conditions, soil types, and soil pH to determine which parameters control the changes to the uptake of each nutrient.



Based on this PhD study, it is suggested that the association between increased Ca levels
in wheat shoots at maturity and anoxia is investigated further, to determine if high Ca
levels in anoxic plants could be an indicator of root damage to the Casparian strips.
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Abstract:
Controlled Drainage (CD) is a measure designed to lower N-leaching from agricultural fields.
However, raising the drainage depth in fields creating partially waterlogged conditions can have
negative impacts on the yield and development of winter cereals. A combination of physical and
chemical analyses was performed in an outdoor lysimetric setup under North European climatic
and soil conditions to characterize the effect of CD on winter wheat yields of the cultivars Belgard
(BG), Benchmark (BM) and Substance (SUB). CD treatments consisted of drainage depths of 10,
20 and 25 cm below the soil surface from January to April 2016. The control was a freely draining
treatment with drains at 150 cm depth. Both chlorophyll fluorescence (Fv/Fm) and net photosynthetic rate (Pn) indicated that CD tended to not affect growth and dry matter (DM) yield at maturity, which were only influenced by cultivar. Fv/Fm tended to be lowest at 10 cm drainage depth,
indicating increasing plant stress with shallower drainage depths. The BG cultivar generally had
the lowest Pn rate of the three cultivars likely reflected in a 27% lower grain yield than the BM
cultivar. The straw N-concentration was 21% higher in the BG compared to BM, but neither CD
nor cultivar affected the grain N-concentration. N-uptake was controlled by the biomass production of the cultivars. CD affected the concentration of multiple nutrients such as Fe, Cu, and P,
though no coherent pattern in nutrient changes was found. Overall, cultivar was the main factor
controlling the concentrations and uptake of the nutrients. Hence, the only negative effect of CD
on winter wheat yields was in relation to uptake of some nutrient, which is a rather unexplored
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topic. Finally, the consistently low Fv/Fm at the 10 cm drainage depth indicates that shallower
drainage or prolonging the CD period could cause significant waterlogging stress
Keywords: Chlorophyll fluorescence, Cultivars, Micronutrients, Nitrogen, Photosynthesis, Waterlogging.
Abbreviations: Controlled drainage - CD, Waterlogging - WL, Nitrogen – N, Net photosynthesis - Pn, Calcium - Ca, Copper - Cu, Potassium - K, Magnesium - Mg, Manganese - Mn, Iron - Fe,
Phosphorus - P, Harvest Index - HI, Nitrogen harvest index - NHI, Dry matter – DM, Maximum
Chlorophyll florescent Yield – Fv/Fm
Introduction
Denmark is an intensively farmed country with approximately 62% of the land area used for agricultural production (The World Bank Group, 2017). Consequently, the country has long been
dealing with high rates of nitrogen (N) loss and thus large nitrate losses due to large precipitation
surpluses, primarily during autumn and winter (Dalgaard et al., 2014). Denmark has managed to
lower the annual farm N-surplus by 70 kg N ha-1 yr-1 (Dalgaard et al., 2014), but this remains
inadequate if Denmark is to fulfil the obligations of the EU Water Framework Directive (Hansen
et al., 2017), which asks for “Good ecological status” of all water bodies (European Union, 2000).
Good ecological status requires that waterbodies only show slight changes from how they are expected to be under undisturbed conditions in relation to both the ecology, chemistry, morphology
and quantity of water in the rivers (European Union, 2000).
Consequently, new possible management tools for decreasing N-leaching are being explored.
Controlled drainage (CD) is one of the tested measures for reducing N-leaching from agricultural
fields (Carstensen et al., 2016). By raising the water level in the soil profile, controlled drainage
has the potential to increase denitrification in the anaerobic zone (Borin et al., 2001) and increase
percolation through deeper sediments. CD has been applied in many countries such as the United
States, Sweden and Italy and has resulted in less N entering streams and rivers (Wesström,
2001;Ayars et al., 2006;Bonaiti and Borin, 2010). Field studies have shown that CD can increase
yields of various crops, including wheat, by up to 18% (Wesström and Messing, 2007;Bonaiti and
Borin, 2010;Woli et al., 2010). Yield increases in CD fields have been attributed to the higher
available soil water contents by subirrigation (Ayars et al., 2006) and the retention of N in fields,
making N accessible to the plants (Wesström and Messing, 2007). Most studies on the effects of
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CD have focused on how CD can lower N leaching, while little attention has been paid to the effects
that CD might have on plant development and plant nutrient relations. However, these are important for ensuring a stable grain production, which is why effects on yield and plant nutrient
uptake under CD need to be investigated further. If CD is to be applied in Denmark as an effective
tool for lowering N-leaching, it would have to be enforced during the autumn and winter season
to lower the nitrate concentration in soil water and minimize the percolation through drains
(Jabloun et al., 2015). Until now CD experiments with drainage depths of 40 cm have had no
repercussion on crop growth and development under Danish conditions (Carstensen et al., 2016).
This indicates that it might be possible to have even shallower drainage depths, which may allow
for higher denitrification rates, if water reaches the plough layer where most of the organic matter,
needed for the process, is found. However, this is only acceptable if still low or no influence on
crop growth can be demonstrated. Higher groundwater levels in the soil during autumn can cause
waterlogging (WL) conditions, affecting the growth of winter crops. Waterlogging of fields has
previously been of concern in the UK when growing winter wheat (Cannell, 1980;Belford, 1985),
which has resulted in wheat cultivars with a high tolerance to WL being chosen (Dickin et al.,
2009). Similar tendencies have been seen in Mexico (Boru et al., 2001). WL has been estimated
to lower crop yields by 7-51% in the United States and United Kingdom (Cannell, 1980;Musgrave,
1994;Dickin and Wright, 2008), so the risk of negative WL effects in CD fields needs to be examined before implementing CD as a N remediation measure in drained fields with winter cereal
production. It is know that crops grown under partially waterlogged soil conditions (drainge
depths of 10 cm) can respond similar to completely waterlogged crops (Malik et al., 2001). Thus
to obtain the highest possible impact of CD on N retention and denitrification without impacting
the crop development it is important to identify at which drainage depth, CD crops start to mimic
the respons of WL crops under Danish weather conditions.
The low yield of WL plants has been shown to relate to lower net photosynthetic rates (Pn) (Wu
et al., 2015) and impaired N-uptake (Shao et al., 2013). Both Pn and N-uptake in plants affect the
chlorophyll fluorescence (Fv/Fm) as Fv/Fm has been shown to increase with N application (Jin
et al., 2015) and decrease under WL conditions, similar to Pn (Betancourt-Osorio et al., 2016).
Consequently, Fv/Fm has been suggested as a screening parameter when determining plant environmental stress (Baker and Rosenqvist, 2004), and in particularly for WL sensitivity since this
parameter is practical and easy to measure (Smethurst et al., 2005). Additionally, studies have
found that the availability of several micronutrients changes in flooded soils, indicating that WL
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can cause changes in the nutrient uptake of plants (Ding and Musgrave, 1995;Setter et al., 2009).
While the duration of a flooding event is important for the effect of WL on plant growth and yield
(Marti et al., 2015) and nutrient uptake (Herzog et al., 2016a), we speculate that for CD it is more
likely that the height of the water table determines the outcome, since CD only partially waterlogs
the soil. Additionally, we find that determination of the tolerance to a high water level for typical
Danish winter wheat cultivars is necessary to ensure a minimal effect on yields.
The objective of this study was to determine how CD during autumn and winter affects winter
wheat growth, yields and nutrient uptake (N, P and a range of nutrients) under North European
weather conditions. Our hypothesis was that: i) CD causes waterlogging like conditions when applied during the winter, resulting in decreases in nutrient uptake, Pn, N-concentration of the vegetation and the grain causing smaller yields, ii) the severity of damages caused by CD will increase
with the height of the water table, and iii) CD will have different effects on different wheat cultivars.

Materials and methods
Experimental site
The study was carried out during the growing season 2015/2016 at Research Centre Foulum
(56°29’18.6”N9°34’58.9”E) using large outdoor lysimeters. The lysimeters were constructed in
1992 and consist of concrete containers (1×1 m, depth 1.5 m) coated with epoxy. The soil is a sandy
loam (Table 1).
Temperature and monthly precipitation during the experimental period are presented in Table 2. An automatic mobile roof connected to a rain sensor was active from 28 January to 6 April. When activated by rain, the roof covered
the lysimeters, resulting in null or insignificant amounts of precipitation, ensuring that the drainage depth of the
water level of the lysimeter did not rise over the winter. The adjusted precipitation in Table 2 indicates the amount of
precipitation, which the lysimeters received during the treatments months January to April while the automatic roof
was activated.

Experimental setup
Sowing took place on 28 September 2015 where 36 lysimeters were sown with winter wheat (Triticum aestivum L.) of the cultivars Belgrade, Benchmark and Substance in random order (Fig. 1).
A total of 12 lysimeters was sown with each of the three cultivars. After sowing, a piezometer (16
mm diameter, 1 m depth) was installed in each lysimeter for measuring the height of the water
table. The lysimeters were saturated with water on 26 January to drainage depths of 10, 20 and
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25 cm below the soil surface. The amount of water added to the lysimeters to obtain the drainage
depths of 10, 20 and 25 cm was no measured. Instead the water levels was determined every second or third day using a water level mirror (Elwa Teknik I/S, Herning, Denmark), with an accuracy of ±2 cm. Nine of the lysimeters were left to drain freely with a drainage depth of 150 cm.
These nine lysimeters functioned as the control. Each CD treatment thus consisted of nine lysimeters and contained three replicates of each winter wheat variety. The CD was started in January
because the water levels in Danish CD fields tend to be highest during January and February (Carstensen et al., 2016). If the water level deviated more than 2 cm from the intended height, water
was added or drained from the lysimeters until the intended height ±2 cm was reached again.
On 1 February all lysimeters were fertilised with NPK fertiliser equal to 50 kg N ha-1 (NPK 21-310). Free drainage of the lysimeters started on 6 April, at which point the lysimeters were fertilised
with additional 50 kg N ha-1 (NPK 21-3-10). The automatic roof controlling the precipitation during the experiment with CD was deactivated on 28 April when all lysimeters were drained off.
Hence once the CD period ceased; all lysimeters were rainfed and has a drainage depth of all
lysimeters was 150 cm until harvest at maturity. On 2 May, the lysimeters were fertilised again
with 140 kg N ha-1 (NPK 21-3-10). All lysimeters were sprayed against powdery mildew on 11 May
with Flexity (BASF A/S, Ludwigshafen, Germany).
Crop measurements
Net photosynthesis
Net photosynthesis (Pn) measurements were started on 4 April, two days before free drainage was
instigated in all of the lysimeters, and the last measurement was taken on 12 May. Measurements
were taken between 08.00-15.00 in all lysimeters once every week on days when there were clear
skies and little wind. All measurements were made on the latest, fully developed leaf (ligule present) of a representative plant in each lysimeter. The measurements were made using the openflow gas exchange system CIRAS-2 (PP Systems, Amesbury, MA, USA). The settings in the cuvette
were made to reflect the outdoor environment (the CO2-concentration was set at 400 µmol mol1, and the mean leaf temperature was kept at the same temperature as the outside environment).
The water vapour deficit in the cuvette was set to mimic that of the ambient air, PAR was set to
1200 µmol m-2 s-1, and the airflow through the cuvette was set at 255 ml min-1.
Chlorophyll fluorescence
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Chlorophyll fluorescence (Fv/Fm) measurements started on 6 April just before drainage was
started up later the same day. Measurements were taken once every week on days when there
were clear skies and no rain. Measurements were taken using the Mini-PAM fluorimeter (Walz,
Germany). Before measuring, the leaves were dark-adapted with Dark Leaf Clips for 30 min. The
minimum fluorescence (F0) was measured at low photosynthetic photon flux density when the
Photosystem II (PSII) reaction centres were in the open state. Maximum fluorescence (Fm) was
measured by applying a 0.8 s light pulse at approximately 4000 µmol m-2 s-1, forcing the reaction
centres to close. The maximum quantum yield of PSII (Fv/Fm) was calculated from F0 and Fm,
which can be expressed as Fv/Fm= (Fm-F0)/Fm. Measurements were made on a representative
plant from the centre of each of the lysimeters on all measuring dates.
Harvest
Dry matter yield
Harvest of the lysimeters took place on 12 August when 0.5 m2 was harvested from the middle of
each lysimeter by cutting the plants with a pair of scissors at ground level. The harvested material
from each plot was divided into straw, grain and the total fresh weight of the two fractions recorded. Subsamples consisting of approximately one third of each of the harvested straw and grain
samples were taken out and dried at 60°C until a stable weight was obtained for dry matter (DM)
determination. The total DM yield was determined by adding the DM of the straw with the grain
DM. An overview of the timing of the experimental activities is presented in Table 3.
Analyses
Harvest index (HI) was determined by:
𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (𝐻𝐼) = 𝐺𝑟𝑎𝑖𝑛 𝐷𝑀 𝑌𝑖𝑒𝑙𝑑⁄𝑇𝑜𝑡𝑎𝑙 𝐷𝑀 𝑌𝑖𝑒𝑙𝑑
N concentration in the dry matter fractions was determined by the Dumas method. The nitrogen
harvest index (NHI) was determined by:
𝑁𝐻𝐼 = 𝐺𝑟𝑎𝑖𝑛 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑚𝑜𝑢𝑛𝑡⁄𝑇𝑜𝑡𝑎𝑙 𝐷𝑀 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑚𝑜𝑢𝑛𝑡
Ca, Cu, Fe, K, Mg, Mn, and P were determined by coupled plasma optical emission spectrometry
(ICP) measurements. All ICP measurements were made on the iCAP 6600 Series ICP spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
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Statistics
Using the R-studio software (version 3.2.3), the harvest data were subjected to a two-way analysis
of variance (ANOVA) or a two-way Kruskal-Wallis test to detect significant differences between
CD treatments and cultivars. Both the two-way ANOVA and Kruskal-Wallis test used CD treatment and cultivar as factors determining the harvest data. The Pn data were subjected to a threeand two-way ANOVA analysis, while Fv/Fm data were subjected to a three-way Kruskal-Wallis
test. For the three-way analysis, CD treatment, cultivar and date were used as the determining
factors for both the Pn and Fv/Fm measurements. The Kruskal-Wallis three- and two-way analyses were applied to data that did not follow a normal distribution, or when there was uneven
variance among the normally distributed samples due to outliers between residuals. When the
ANOVA or Kruskal-Wallis tests indicated significant treatment effects, mean comparisons were
conducted. Significant differences were given at P<0.05. Normally distributed data were subjected to a Tukey test for determination of the significant difference between CD treatments and
cultivars. The significant level used for the ANOVA Tukey test was P<0.05, indicating a confidence
interval of 95%. For the non-parametric Kruskal-Wallis test, significant differences were determined by applying a multiple comparisons test with correction for multiple testing by the singlestep method, where a confidence interval of 95% was used.
Results
Photosynthesis and chlorophyll fluorescence measurements
On 10 April the Pn was significantly affected by the CD treatment, where both T20 and T25 had a
significantly larger Pn compared to the free-drainage treatment. On the same day T20 was also
significantly different from T10 (P<0.01). In addition to the CD treatments, cultivar also impacted
Pn on 10 April (P<0.05). However, it was not possible to separate the cultivars using the Tukey
test on 10 April. Still on 10 April, the BG cultivar had the lowest average Pn of 21.3 µmol m-2 s-1,
while BM and SUB had average Pn values of 23.6 and 24.4 µmol m-2 s-1. Moreover, BG tended to
have the lowest average Pn across all measuring dates, with an average Pn of 22.3 µmol m-2 s-1,
while for BM and SUB the average Pn was respectively 23.6 and 23.8 µmol m-2 s-1. Additionally,
the measuring date also affected the Pn measurements (P<0.001) with 12 May producing the
highest average Pn (Fig. 2X), and being the only date, which was significantly different from the
other dates.
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T10 tended to have the lowest Fv/Fm values on five out of the seven days (Fig. 3b, c, e, f, and g),
and on the two remaining days T10 had the second-lowest average Fv/Fm (Fig. 3a and d). The
free drainage treatment had the highest average Fv/Fm on four out of the seven days (Fig. 3b-e)
and the second-highest average Fv/Fm on the remaining three days (Fig. 3a, f, and g). However,
the difference in Fv/Fm caused by CD was not significant at any point. Hence, neither CD, nor
cultivar nor date had any significant effects on Fv/Fm.
As Pn only was significantly impacted by CD and cultivar on 10 April, and Fv/Fm never was significantly impacted by CD nor cultivar, these results suggest that the photosynthetic capacity of
the wheat plants was unaffected by the CD treatments.
Yield and nitrogen uptake
Grain and straw yields at harvest were unaffected by the previous CD treatments while the cultivar
had a significant effect on both (Table 4). Averaged over CD treatments, the grain and straw yields
of BG of respectively 6.5 and 6.6 t ha-1 were significantly lower than for BM and SUB cultivars
(Table 4). The highest average grain and straw yields were obtained with BM, of respectively 9.0
and 7.9 t ha-1. Similar to grain and straw yields, HI was only affected by cultivar. HI was largest
for the BM cultivar, which was significantly different from both BG and SUB. SUB and BG were
not significantly different from each other (Tables 4 and 5).
CD did not affect the grain or straw N concentration (Tables 4 and 5). However, cultivar did affect
the N concentration in the straw (Table 4), where BG had a significantly higher N concentration
compared to both BM and SUB. CD did not affect the N-uptake in grain and straw (Table 5) but
cultivar did, with BM having a significantly larger N-uptake compared to BG while SUB was not
significantly different from neither BG nor BM (Table 4). CD did not affect NHI, but an effect of
cultivar was found (Table 5), as BG had the lowest N-translocation of the three cultivars, though
it was not significantly different from SUB (Table 4). BM had a significantly higher NHI than both
BG and SUB, thus indicating that the N efficiency of BM was higher compared to the other two
cultivars.
Nutrient uptake
CD affected the concentration of nutrients in the crop (Figs. 4 and 5). The concentrations of Fe, K
and Mn in the grain were affected by the CD treatments through interaction with cultivar (Fig. 4c,
d, f), but we were unable to statistically separate the CD treatments for the interaction affecting
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the Fe concentration. For Mn, the concentration was significantly lower in BM T20 compared to
the concentration in BG T20 and SUB with free drainage, but at the other CD levels there were no
differences. For the concentration of K, the two-way ANOVA did indicate that the CD treatment
affected the concentrations in the grains, but using pairwise comparison we were unable to tell
the treatments apart. Besides, the nutrient concentrations in the grain were mainly affected by
the cultivar (Fig. 4), as only the Cu concentration was not influenced by the cultivar in any way.
The straw concentration of both Fe and K was only determined by CD (Fig. 5c, d), while CD also
affected the concentration of Cu, Mg, Mn and P through interactions with the cultivar (Fig. 5b, e,
f, g). The concentration of Fe in the straw was significantly lower in T10 and T20 than in the freedrainage treatment, while T25 had significantly larger concentrations of Fe in the straw compared
to T10 (Fig. 5c). The free-drainage treatment had a significantly lower straw K concentration compared to the T10, T20 and T25 treatments (Fig. 5d), between which the concentrations did not
differ significantly. Cultivar also affected the concentrations of nutrients in the straw but only
through interactions (Fig. 5). Unfortunately, we were unable to tell the CD treatments apart for
the Ca, Mg and P concentrations in straw. For the Mn concentration in the straw BM T20 had a
significantly lower concentration compared to BG T20 and SUB with free drainage, but for all
other CD levels no significant differences occurred.
CD did have some significant effects on the uptake of nutrients, though cultivar was the most
important factor (Fig. 6). BM tended to have the highest nutrient uptake whilst BG tended to have
the lowest nutrient uptakes (Fig. 6). Generally, there appeared to be a positive correlation among
total dry biomass and nutrient uptake, especially so for Fe, K, Mg and P (Fig. 6c, d, e, g).
Discussion
Previous studies have shown that wheat grown in partially waterlogged soils (drainage depth 10
cm) can experience decreased Pn values, for instance (Malik et al., 2001) found that five days of
complete or partial WL decreased Pn in the third leaf to 0. However, in the present study CD
tended to not affect Pn, except on 10 April where free drainage and T10 had significantly lower Pn
values than T25. The different effect of Pn in Malik et al. (2001) to the present experiment could
be related to the difference in temperature. Our experiment took place during winter where the
average daily temperatures ranged between -0.1 to 5.9°C, while the average day/night temperature in Malik et al. (2001) was 20/15°C. Studies have shown that the effects of WL increase with
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temperature (Musgrave, 1994;Herzog et al., 2016a), as higher temperatures decrease the solubility of O2 and increase the biological demand for oxygen (Schlesinger, 1996). Hence, partial waterlogging with a drainage depth of 10 cm might not have any significant effect on its own, but in
combination with high temperatures it can have significant effects on wheat growth. The temperatures registered at Foulum from January to April 2016 during the experiment fell within the
Danish climate norms for the twelve-year period 2006-2017. For this period, the lowest average
temperature of -3.4°C was recorded during January and the highest average temperature of 9.9°C
in April (DMI, 2017b;2018), corresponding to the lowest and highest average temperatures for
our experiment (Table 2). This indicates that our registered temperatures fall within the norm for
winter temperatures in Denmark, and thus the risk of high temperatures during the treatment
period is only an issue if CD is applied in early autumn when average temperatures can be as high
as 16.2°C in September (DMI, 2017c). Although T10 did not have the lowest Pn, it tended to have
the lowest average Fv/Fm on five out of seven days, while Fv/Fm tended to be highest in the freedrainage treatment (Fig 3). Smethurst et al. (2005) found that Fv/Fm is a sensitive measure of
waterlogging stress, and our results could therefore indicate a tendency for plants in T10 to be
more stressed than those of the free-drainage treatment, although there was no significant difference.
CD during the early growth stages did not have any effect on the grain or the straw yield in our
experiment (Table 5). This is in line with other CD experiments in Denmark, where raising the
water level to 70 cm above the natural drainage depth of 110 cm had no impact on the yield of
winter wheat (Carstensen et al., 2016). However, other experiments in Denmark have shown that
grain yield increased by 0.25 t ha-1 when lowering the drainage depth from 80 to 115 cm (Hansen,
1969), contradicting our findings. However, in Hansen (1969) the drainage depth was lowered
throughout the year, and partially waterlogged soil may be more critical during the later phenological stages where redistribution of N and carbohydrates for grain formation occurs (Jiang et
al., 2008;Kaur et al., 2017b). While there was no significant effect of CD on grain or straw yields,
the cultivar had a significant effect on both (Table 5). This is consistent with Dickin et al. (2009),
who found different cultivar behaviors depends on the climate conditions. The grain and straw
yields obtained with the BG cultivar were significantly lower than those of both BM and SUB (Table 4). This might be related to the lower Pn observed for BG (Fig. 3a-d), although not significantly
different. Still, low yields have been linked to decreased Pn values in plants stressed by WL (Jiang
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et al., 2008;de San Celedonio et al., 2016b). Additionally, Musgrave (1994) showed that assimilation rate and grain yield of eight different winter wheat cultivars exposed to WL were positively
correlated over three years, but with different degrees of correlation depending on cultivar and
with no interactions between treatment and cultivar. Hence, choice of cultivar can result in significant differences in yield due to the difference in Pn.
Neither CD nor cultivar had any effect on grain N concentration, but cultivar did affect the concentration of N in the straw (Tables 4 and 5). This indicated a difference in the relocation of N in
the plant as BG had a significantly higher N-concentration in the straw than the other cultivars
but a similar N concentration in the grains, resulting in the lowest NHI, which was significantly
different from that of BM (Table 4). In other experiments, lower N-concentrations in leaves have
been observed in both partially and completely waterlogged wheat plants (Malik et al., 2001;Herzog et al., 2016a), but since we did not collect plant samples during the CD treatment, we were not
able to determine whether such a drop occurred. However, it is clear that CD had no long-term
effect on the N concentration or uptake in any of the cultivars (Table 4). Besides, Malik et al.
(2001) showed that wheat experiencing partial or complete WL during the early phenological
stages is capable of recovering where a compensatory N-uptake meant that CD had no effect on
the final N concentration and uptake at harvest. The higher grain N-uptake in BM compared to
BG (Table 4) was probably caused by the significant difference in biomass accumulation for the
grain since there was no significant difference between grain N concentrations (Table 5). Hence,
the higher biomass accumulation, likely caused by a higher Pn, affected not only the straw and
grain yield but also the translocation of N to the grains.
Also the macro and micronutrients were mainly affected by the cultivar as was the case for almost
all parameters. However, several nutrients such as Fe, Cu and P were also affected by CD or interaction between CD and cultivar (Fig. 4 and 5). The highest concentration of the macro and micro
nutrients was always found in either the free-drainage treatment or T10, as e.g. Fe where the highest concentration was found in the free drainage treatment.. However, Fe has previously been
reported to increase in WL plants (Stieger and Feller, 1994;Khabaz-Saberi et al., 2007) because
of the higher solubility of its reduced form. Additionally, Khabaz-Saberi et al. (2007) found an
increase in Fe only in plants grown on acid soils, while it remained the same or could even be
decreased in WL plants grown in neutral soil conditions. This is likely caused by the decrease of
Fe+2 in soils when pH increases, even when the redox potential is below -0.2 V and anoxic con- 62 -

ditions are present (Schlesinger, 1996). Also Setter et al. (2009) concluded that local soil conditions determine the fate of micronutrients in soil and crops exposed to WL. Thus the same might
be the case for CD where the soil is partially waterlogged, indicating the need to measure the local
soil pH, which determines whether redox-sensitive nutrients can be expected to increase in plants
grown under partially waterlogged conditions. CD affected the concentration of the nutrients
more than it did the uptake (Figs. 4, 5 and 6). Hence, the total uptake of nutrients was more likely
to be determined by the biomass of the plants than the differences in the concentrations, as we
also found for the N-uptake in the straw. The impact of the relationship between biomass and
concentration on the uptake was partially visible when looking at BG and BM, where BG generally
had the highest nutrient concentrations but the lowest uptakes (Figs. 4, 5 and 6), which were
caused by a significantly lower biomass accumulation (Table 4), while the opposite was true for
BM.
Perspective
While our results are promising for the application of CD in Denmark, we have identified some
areas that would need to be investigated further before CD can be applied. We, therefore, suggest
that further research concentrates on whether drainage dephts shallower than 10 cm will induce
significant plant stress as T10 tended to have the lowest Fv/Fm values. Additionally, our research
raises the question of whether longer periods with CD could cause significant plant stress as the
application of CD is supposed to start in early autumn and last until the early spring to mitigate
N-loss under Danish conditions (Carstensen et al., 2016). Prolonging the CD period might inflict
more permanent damage on plant growth. We also find that there is a need to test whether higher
temperatures during the early autumn compared to our experiment might cause Pn to decrease
when combined with the high water levels, as in Malik et al. (2001), as this could reduce crop
growth. Finally, we believe that it will be necessary to examine how long shallow drainage depth
can be maintained without affecting the accessibility to the fields, as heavy machinery on wet soils
might cause soil compaction (Munkholm, 2011).
For plant growth, we find that it is worth considering whether annual repetition of the experiment
could impact the yield outputs since specific climate conditions favour the growth of cultivars
differently (Li et al., 2016). Thus annual repetitions of the experiment might change the perception of which cultivars would be the most effective under CD conditions in Denmark. Additionally,
due to limited research related to the effect of CD on plant growth, we have not been able to find
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any literature exploring how CD affects nutrient solubility or uptake in plants. There is obviously
a need for further investigations into the relation between CD and plant nutrient uptake as tolerant cultivars have been found to experience a smaller increase in Mn and Fe under WL conditions
(Khabaz-Saberi et al., 2012). Thus the three cultivars BG, BM, and SUB might have been WLtolerant cultivars, as CD had only limited effect on all of the measured parameters.
Conclusion
Controlled drainage did not introduce WL stress when applied during winter in Denmark since
shallow drainage depths did not lower N-concentration or N-uptake in the plants, nor did it tend
to decrease Pn or cause lower yields. Although we did not observe any significant effect of CD on
yields, T10 tended to have the lowest Fv/Fm, indicating that shallow drainage depths did cause
more stress than deeper drainage, though the difference in stress levels was not significant. However to confirm that CD do not influence plant growth, repetition of studies on the impact of CD
on plant growth is essential. The cultivars BG, BM, and SUB were significantly different from each
other, and we ruled out that the difference was due to WL sensitivity but more likely was caused
by genetic differences, which was expressed due to the weather conditions.
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Table 2: Characteristics (USDA standard) of the soil used in the experimental setup in the lysimeters.

- 67 -

Soil

Bulk

depth

den-

Clay

Silt

Sand

sity
cm

g cm-3

%

%

%

0-30

1.5

18.5

14.4

54.4

30-70

1.6

21.1

16.3

53.2

70-

1.6

22.1

17.0

52.3

140

Table 3: Mean temperature and precipitation from 28 September 2015 to 12 August 2016.

Month

Sep

Oct

Nov

Dec

Jan

Feb Mar

Apr

May Jun

Jul

Aug

Mean tem- 10.1

9.0

6.8

6.3

-0.1

1.7

5.9

12.8

15.9

14.0

3.5

15.6

perature
(°C)
Precipita-

30.4 29.7 118.8 108.9 33.1** 45*

24.8* 101.4** 41.7

109.4 99.0 47.7

30.4 29.7 118.8 108.9 16.0

0

109.4 99.0 47.7

tion (mm)
Adjusted

0

6.9

41.7

precipitation (mm)
*Automatic roof activated for the entire month ** Automatic roof running for part of the month

Table 4: Overview of the experimental activities in the growing season 2015-16.

Activity

Date

Sowing

28 September

Starting saturation of lysimeters

26 January

Fertilisation (50 kg N ha-1)

1 February

Saturation of lysimeters completed

5 February

Crop measurements begin

4 April

Drainage of lysimeters begins

6 April

Drainage ends

28 April
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Fertilisation after ended drainage (50 kg 28 April
N ha-1)
Fertilisation (140 kg N ha-1)

2 May

Mildew treatment (Flexity)

11 May

Field measurements end

12 May

Harvest

12 August

Table 4: Yield, N concentration and N uptake at harvest as affected by cultivar. Values which have no letter in common are significantly different at the P<0.05 level.
Cultivar

Grain Straw Har-

N-

N-

N-up-

N-up-

N Har-

Yield

vest

conc.

conc.

take

take

vest in-

Index

Grain

Straw Straw

Grain

dex

%

g kg-1 g kg-1 kg ha-1

kg ha-1

%

t ha-1

Yield
t ha-1

DM

DM

BG

6.6b

6.5b

50b

21.38a

12.33a

80.71a

140.77b

63.42b

BM

9.0a

7.9a

54a

20.62a 10.19b

79.91a

186.14a

69.83a

SUB

7.6a

7.9a

49b

21.61a

85.86a

164.87ab 65.75b

10.91b

Table 5: Two-way ANOVA table showing which factors affected the yield and N concentration and N uptake at harvest. * indicates a P-value below 0.05, ** indicates a P value below 0.01 and *** indicates a P value below 0.001.

Straw

Grain

Yield

DM

HI

N-

N-conc.

N-uptake

N-up-

conc.

Grain

Straw

take

SStraw

Grain

Straw

NHI

CD

-

-

-

-

-

-

-

-

Cultivar

***

***

***

***

-

-

***

***

Interaction

-

-

-

-

-

-

-

-
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Figure 1: Experimental setup. Notice that lysimeters coloured in red were not used for this experiment, as the water
level in these could not be retained to fit any of the CD treatments. The blue colours in the setup correspond to the
treatments in which the water tables were kept at 10, 20 or 25 cm below the surface from January to April, while
white lysimeters had free drainage.
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Figure 2: Average net photosynthesis (Pn) for each CD treatment for the three winter wheat cultivars on five measuring dates. BG is Belgrade, BM is Benchmark and SUB is Substance. Drainage depths are 10, 20 and 25 cm below
soil surface plus free drainage. Error bars indicate 95% confidence interval for each CD combination.
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Figure 3: Average chlorophyll fluorescence (Fv/Fm) for each CD treatment for the three winter wheat cultivars on
five measuring dates. BG is Belgrade, BM is Benchmark and SUB is Substance. Error bars indicate 95% confidence
interval for each CD combination.
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Figure 4: Average nutrient concentration in the grains of each CD treatment for the three cultivars. BG is Belgrade,
BM is Benchmark and SUB is Substance. Error bars indicates the 95% confident interval for each combination. Highlighted at the top are the factors that had significant impact on the concentration where * indicates a P-value below
0.05, ** a P value below 0.01 and *** a P value below 0.001.
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Figure 5: Average nutrient concentration in the straw for each CD treatment for the three winter wheat cultivars on
five measuring dates. BG is Belgrade, BM is Benchmark and SUB is Substance. Error bars indicate the 95% confidence
interval. Highlighted at the top are the factors that had significant impact on the concentration where * indicates a
P-value below 0.05, ** a P value below 0.01 and *** a P value below 0.001.
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Figure 6: Average nutrient uptake in the three cultivars BG, BM and Sub as a function of the total dry biomass. BG is
Belgrade, BM is Benchmark and SUB is Substance. R2 indicates the goodness of fit for a linear regression between
total nutrient uptake and total biomass. Highlighted at the top are the factors that had a significant impact on the
concentration, where * indicates a P-value below 0.05, ** a P value below 0.01 and *** a P value below 0.001.
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Abstract
Waterlogging (WL) is a global agricultural challenge that is exacerbated by climate change. Here
we explored the sensitivity of spring wheat to WL imposed for 5 or 10 days at the growth stages:
tillering, booting and flowering. Plants were grown to maturity in pots, in a controlled environment chamber. WL reduced the nitrogen (N) concentration of the shoot biomass while it increased
the concentration of total soluble sugars (TSS) when introduced during tillering. However, at maturity, both had recovered to the control level. The light-saturated net-photosynthetic capacity
(Pn) generally decreased when WL was imposed at the tillering and booting stage, except in the
10 days booting treatment where WL increased Pn slightly. Once drainage started Pn returned to
the control level, which may be the reason why the grain yield of the tillering and booting treatment was unaffected by WL when compared to the control at maturity. However, a grain yield
increase of 8% occurred in the 10 days booting treatment, likely due to the slightly higher Pn during WL causing new tiller formation, which increased the number of grains. WL for 10 days during
booting decreased the concentration of Cu, K, Mg, and Mn in the shoot at maturity when compared to the control. WL at flowering decreased the yield by 51% compared to the control, due to
premature leaf senescence, likely related to necrosis of the root system, as indicated by increases
in the concentrations and content of Ca in the shoot biomass at maturity. Deterioration of roots
and Casparian strips during WL at flowering may have allowed for the direct transport of nutrients to the xylem and apoplast, causing the higher content of Ca. WL did not affect the redistribution of N or TSS to grain in any treatments. Therefore, WL did not decrease the grain quality.
This study showed that recovery from WL was possible when WL occurred at the early growth
stages, but became difficult at the late development stages. This may be related to shorter recovery
period and declining ability of the root system to cope with WL during the progression of plant
development.

Keywords Nitrogen, Photosynthesis, Total soluble sugars, Grain quality, Micronutrients,
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1 Introduction
Waterlogging (WL) causes severe abiotic stress in agricultural production (Boyer, 1982), while
climate change projections envisage that areas already receiving a surplus of precipitation will get
more precipitation and in more extreme precipitation events (IPCC, 2014;Santos et al., 2016),
which increases the risk and frequency of flooding events.
The global wheat (Triticum aestivum) production reached 749 million tonnes in 2016, making it
one of the most common agricultural crops, and a continued increase in production is expected
(FAO, 2016). Wheat production often suffers from WL (Boyer, 1982;Dickin et al., 2009;Wu et al.,
2014), with an estimated 15-20% of global wheat production being affected annually (Setter and
Waters, 2003). Wheat yield losses due to WL have been reported from the United Kingdom,
China, Australia, France, and the United States (Belford et al., 1985;Musgrave, 1994;Malik et al.,
2001;Brisson et al., 2002;Shao et al., 2013), showing that WL is a global agricultural challenge.
The adverse effects of WL on wheat is associated with oxygen depletion of the soil. Root growth
and function mainly rely on respiration for the production of energy in the form of Adenosine
triphosphate (ATP), which is required for the uptake of nutrients. When non waterloogedwheat
plants are 40 days old, approximately 36% of all the ATP produced in the roots is used for nutrient
uptake, particularly of nitrogen (N) since 1-5% of plant dry matter consists of N, and 70% of the
ions taken up is therefore NH4+ and NO3- (Marschner and Marschner, 2012).
Under aerobic conditions where oxygen is avalible, root cells produce energy by mitochondrial
respiration, in which glucose (carbohydrates) and O2 is converted into CO2, H2O and the energy
rich compound ATP. During this process 36 ATP molecules is produced for each molecule of glucose (Raven et al., 2013). However, under anaerobic conditions like WL without O2, roots cells
have to shift to fermentation for ATP synthesis, which is a less efficient energy generation process
since only three ATP molecules are synthesized per molecule of glucose (Wegner, 2010). Therefore, WL conditions severely restrict the energy available for nutrient uptake.
In addition to N, plant growth depends on 13 other essential mineral elements including phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), iron (Fe), manganese (Mn) and copper (Cu). Plants have limited control over their nutrient uptake as both internal functions in the
roots and availability of nutrients are affected by the soil environment, e.g., WL (Marschner and
Marschner, 2012). While nutrient entry into the root apoplast is a non-metabolic process driven
by diffusion, nutrients including N cannot move from the apoplast to the symplast due to the
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hydrophobic lipid barriers constituted by the Casparian strips of the endodermis and the plasmalemma of individual root cells (Marschner and Marschner, 2012). Therefore, the N uptake and
uptake of other nutrients depends on an electrochemical gradient across the cell membrane,
which requires ATP and specialized ion channels controlling the rate of ion uptake (Marschner
and Marschner, 2012).
Studies have shown that the N concentration in wheat decreases during WL (Trought and Drew,
1982;Huang et al., 1995;Malik et al., 2002;Jiang et al., 2008;Dickin et al., 2009;Robertson et al.,
2009;Betancourt-Osorio et al., 2016). However, most studies have only looked at how WL effects
the N concentration in the leaves (Malik et al., 2002;Dickin et al., 2009;Robertson et al., 2009;Wu
et al., 2015;Betancourt-Osorio et al., 2016), or how WL affect the leaf N vis-a-vis light-saturated
photosynthetic capacity (Pn) (Jiang et al., 2008;Kumar et al., 2013;Wu et al., 2014;Herzog et al.,
2016a). So far, studies on WL have found that both the Pn and the N concentrations in leaves
decrease with the duration of WL (Malik et al., 2002;Jiang et al., 2008). However, a recent study
found that the relationship depends on the duration of the WL event, as short-term WL of one to
three days did not affect the N concentration in leaves but reduced Pn. However, WL lasting 7-21
days did reduce the leaf N concentration to a point where it affected the Pn (Herzog et al., 2016).
This indicate that a redution of Pn in WL wheat is not always an expression of restricted N availability and uptake. Consequently, it becomes important determine for how long WL has to last
before N restriction become a limiting factor for the development of wheat. However, N limitation
could potentially effect other parameters than the growth of wheat like the grain yield (Dickin and
Wright, 2008;Ren et al., 2017). So while the relationship between Pn and leaf N dynamics during
WL is well known, the changes occurring in shoot N dynamics during WL remain relatively unknown including the changes to total shoot N uptake and N in the grains (Herzog et al., 2016).
Furthermore, only a few studies have considered how a range of nutrients in wheat is affected by
WL and most of these studies have only considered WL in the early phenological stages where WL
was imposed 11 to 21 days after sowing (Trought and Drew, 1980;Huang et al., 1995;Setter et al.,
2009;Hossain & Naser, 2011). A limited number of studies have considered how WL during grainfilling affects nutrients (Stieger and Feller, 1994), but none have looked at shoot nutrient concentration during stem elongation or included the effect of WL on the same wheat cultivar at different
growth stages.
The production of photoassimilates is essential for plant growth and grain production as sucrose
provides the carbon for both structural tissues and storage of carbohydrates (Xie et al., 2003),
while it also is the primary energy source for respiration (Raven et al., 2013). However, various
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endogenous hormones such as abscisic acid, known to regulate the translocation of photoassimilates, have been shown to change during WL, resulting in less translocation of sugars from the
storage organs stems and leaves to the grains, while inhibiting the production of sucrose synthase,
especially in the grains (Xie et al., 2003). Thus, WL is expected to have a negative effect on yield
due to a reduction in both carbohydrate production and translocation from stem and leaves to
grains. Because proteins also are formed from photoassimilates, the accumulation of proteins,
and hence N, could potentially decrease in the grains due to WL, resulting in both lower grain
quantity and quality (Dickin and Wright, 2008).
As previously mentioned, research related to the effect of WL in wheat has mainly focused on the
effects of WL during the early phenological stages (de San Celedonio et al., 2017). It is clear that
the phenological stage at which WL occurs is crucial for the effect on Pn and yield, and some
studies have tried to identify the point in the phenological cycle when wheat is most sensitive to
WL, but so far unsuccessfully (Belford et al., 1985;Shao et al., 2013;Wu et al., 2014). Sensitivity
has also been suggested to depend on climate (Herzog et al., 2016), making it difficult to identify
the phase in the phenological cycle that is the most sensitive. However, while dry matter (DM)
yields and Pn have been measured at different development stages for wheat (Belford et al.,
1985;Shao et al., 2013;de San Celedonio et al., 2014;Wu et al., 2014;Ghobadi et al., 2017), shoot
N and sugar concentrations have mainly been investigated when WL occurred during seeding or
tillering, indicating a gap of knowledge as to how WL affects shoot N concentration and sugar
concentrations at the later development stages (Barrett-Lennard et al., 1988; Waters et al., 1991;
Huang and Johnson, 1995; Malik et al., 2001; Malik et al., 2002; Mustroph and Albrecht, 2007).
The objective of this study was to identify the effect of WL on shoot DM, yield, and nutrient uptake
with a particular focus on N and cations at different growth stages (tillering, booting and flowering) in spring wheat. We hypothesized that Pn, yield, TSS content and N uptake would depend on
the development stage at which WL occurs and that the grain quality would likely decrease during
the later phenological stages when grain-filling takes place.

2 Materials and Methods
2.1 Experimental conditions and design
A pot experiment was conducted in a controlled environment chamber simulating the climatic
conditions during a growing season for spring wheat in Xinjiang, China. The temperatures in the
- 80 -

chamber were set to correspond to the average temperatures for 10-day periods measured during
the 2016 growing season. Day temperatures for the chamber were calculated based on field measurements from 6 am to 6 pm and varied from 23.2 to 32.0 °C, while night temperatures were
calculated as averages from 6 pm to 6 am and varied from 15.0 to 23.0 °C. The temperatures for
each 10 days period can be seen in Table 1. The relative humidity was set at 49%, similar to that
in western China. Light intensity was 500 µmol m-2 s-1 and provided by a combination of sodiumhalogen lamps and LED lamps.
Table 1: Temperatures and irrigation amounts for 10 days periods in the controlled environment chamber

Period (Days after sow- Day

temperature Night

temperature Irrigation

ing)

(℃)

(℃)

(ml)

1-10

23.0

15.0

200

11-20

23.0

15.0

300

21-30

25.0

20.0

700

31-40

27.0

20.0

1400

41-50

27.0

20.0

1500

51-60

30.0

23.0

1200

61-70

30.0

23.0

2400

71-80

32.0

23.0

1400

81-90

30.0

21.0

800

91-100

31.0

19.0

400

101-104

32.0

21.0

0

Pots measured 22 cm in height and 25 cm in diameter and contained 7.3 kg of dry soil, which was
sieved before packing the pots. The soil type was a silty loam consisting of 53.1% silt, 39.4 % sand
and 7.5% clay with 6.2 g organic matter kg-1 soil and 3.6 g organic carbon kg-1 soil. All pots received 2 L of water and were fertilized with 1.5 g of urea and 1 g of phosphate in preparation for
sowing.Spring wheat (var. Ningchun50) was used in the experiment as it is a typical cultivar in
the Xinjiang province of western China. Each pot was sown with 21 grains at 1.5-2 cm depth. The
number of plants was later reduced to seven plants in each pot. The plants suffered from mildew
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infections, which were controlled by a dose of carbendazim triadimefon thiram at booting and
again 25 days later during the flowering stage
At the start of the first WL treatment, out of a total of 76 pots, eight pots were assigned randomly
to each WL treatment, while the control consisted of 28 pots (Table 2). The pots were placed on 4
metal net tables of 30 cm height. Two pots belonging to the same treatment constituted the experimental unit as one was used for sampling and the other for harvest. Thus, pairs of pots were
placed in a completely randomized design with 4 replications. Even though the big walk-in controlled environment chamber was designed to provide uniform climatic conditions, the pots were
rotated between the tables every 14 days to account for potential spatial variation in e.g. light
intensity. Waterlogging was imposed at either tillering (T), booting (B) or flowering (F) and lasted
for either five or 10 days, making a total of seven treatments: T5, T10, B5, B10, F5 and F10 including the control (Table 2). WL was instigated by irrigating (tap water, pH 7) until water surplus
occurred at the top of the pots. In all WL treatments, the water level was kept 1-2 cm above the
soil surface, while the control was irrigated approximately every three days with 100-500 ml of
water depending on the temperature in the chamber (See S. 1 for a detailed irrigation description).
At the end of each WL treatment, four pots from the respective WL treatment and four pots from
the control was removed from the chamber and used for sampling of plant material. Consequently, each treatment including the control consisted of four replicates at maturity.
Table 2: Overview of the waterlogging (WL) treatments, showing the development stage at which treatment was
started, the duration and the timing of the treatments.

WL treat-

Development

Zadoks code

WL

ment

stage

at WL treat-

ment dura-

ment

tion (days)

at

treatment

WL

treat-

WL treatment

WL treat-

Harvest

Repli-

start

ment end

at

cates

(days after

turity

(days

after

ma-

sowing)

sowing)

(days after

sow-

ing)
CON-

-

-

-

-

-

104

28

T5

Tillering

2.1

5

30

35

92

8

T10

Tillering

2.1

10

30

40

92

8

TROL
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B5

Booting

4.7

5

45

50

104

8

B10

Booting

4.7

10

45

55

104

8

F5

Flowering

6.2

5

66

71

82

8

F10

Flowering

6.2

10

66

76

82

8

2.2 Physical measurements
Net photosynthesis (Pn) was measured immediately before treatment start and during the WL
treatments using the LICOR 6400 system (Licor Inc., NE, USA) equipped with a 2x3 red/blue
LED cuvette. All measurements were taken on the latest developed leaf of the main stem between
8.30 am, and 12 pm. Triplicate measurements were taken on a flag leaf from each pot under WL
treatment as well as the controls. The light intensity (PAR) of the system’s light unit was set at
1000 µmol m-2 s-1 and the flow rate of the system was set at 500 µmol m-2 s-1. Photosynthesis
was recorded after values had stabilized, usually after two minutes. The cuvette temperature was
set to represent the ambient conditions in the controlled environment chamber, while the CO2
was set to represent the CO2 in the outdoor ambient environment (400 ppm).
Once the treatment started, measurements were repeated after five and 10 days in both the WL
pots and the control pots during the tillering and booting treatments. Pn measurements were additionally made in T5 and B5 after five days of drainage to see if Pn would return to the control
levels. In the flowering treatment, Pn could only be measured in the control as leaf senescence
was advanced in F5 and F10 at the end of treatment.
Plants were sampled for determination of biomass on the last day of treatment i.e. end of treatment in both treated pots and control pots. Two out of the seven plants were cut at the soil surface.
The remaining five plants were used for root sampling but unfortunately, these measurements
could not be used and thus are not included in the article. The fresh and dry biomass of each plant
was measured by weighing on CP213 precision weight (Oharus, New Jersey, USA). Plant material
was dried at 70 °C until the dry weight was stable and later used for chemical analysis. At maturity,
all plants and tillers were collected and dried at 70 °C until reaching a stable weight. The biomass
was partitioned into leaves+stems and grains and the weight recorded. The numbers of grains
were counted for each spike and weighed. Based on these measurements the 1000-kernel weight
was calculated, and average numbers of grains, spikes and yields were determined for all treatments. The harvest index (HI) which gives the percentage of the the total biomass found in the
grains at maturity was calculated as:
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𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (𝐻𝐼) = 𝐺𝑟𝑎𝑖𝑛 𝐷𝑀 𝑤𝑒𝑖𝑔ℎ𝑡⁄𝑇𝑜𝑡𝑎𝑙 𝐷𝑀 𝑤𝑒𝑖𝑔ℎ𝑡

2.3 Chemical measurements
The N concentration in the dry matter was determined by the Kjeldahl method (Nelson and Sommers, 1973). The N concentration was determined at maturity in the milled and homogenized
material of leaf+stem and grains for T10, B10, F10 and control, and for the plant as a whole in the
control, T10, B10 and F10 samples taken at the end of the treatments. The N uptake was calculated
based on the previously determined N concentrations and the biomass recorded.
The Nitrogen harvest index (NHI), which gives the percentage of N in the grains at maturity was
calculated as:
𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (𝑁𝐻𝐼) = 𝐺𝑟𝑎𝑖𝑛 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑚𝑜𝑢𝑛𝑡⁄𝑇𝑜𝑡𝑎𝑙 𝐷𝑀 𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑚𝑜𝑢𝑛𝑡
The TSS concentration was measured based on the anthrone-sulphuric method (DuBois et al.,
1956). Light absorption was measured using a UV-VIS spectrophotometer (UV-1780, Shimadzu,
Japan) at 625 nm. Calculation of the TSS concentration was based on a standard curve using
standard glucose solutions included with the samples and expressed as mg/g of dry weight. The
TSS concentration was determined in leaves+stems as well as grains for T10, B10, F10 and control
treatments at maturity, and in the control, T10, B10, and F10 samples taken at the end of the
treatments. Total soluble sugar content was calculated based on the previously determined TSS
concentrations and the biomass recorded. The TSS harvest index (TSS-HI), which gives the percentage of TSS in the grains at maturity was calculated as:
𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑠𝑢𝑔𝑎𝑟 𝑖𝑛𝑑𝑒𝑥 (𝑇𝑆𝑆_𝐻𝐼) = 𝐺𝑟𝑎𝑖𝑛 𝑇𝑆𝑆 𝑎𝑚𝑜𝑢𝑛𝑡⁄𝑇𝑜𝑡𝑎𝑙 𝐷𝑀 𝑇𝑆𝑆 𝑎𝑚𝑜𝑢𝑛𝑡
The concentration of the elements P, K, Ca, Mg, Fe, Mn, and Cu was measured using the Optima
8000™ ICP optical emission spectrometer (PerkinElmer, MA, USA) (Xue et al., 2014) and conducted on material from whole plants from T10, B10, F10, and the control at maturity.
2.4 Statistical analysis
Statistical analysis of the data was performed using the R-studio software (version 3.2.3). The
maturity data was subjected to a two-way analysis of variance (ANOVA), while Pn and chemical
data were subjected to a one-way ANOVA or a one-way Kruskal-Wallis test to detect significant
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differences between treatments. The Kruskal-Wallis one-way analysis was applied to data that did
not follow a normal distribution or when there was uneven variance among the normally distributed samples due to outliers between residuals. Significant differences between treatments were
given at P<0.05. The normally distributed data was subjected to the Tukey test to determine the
significance of the difference between the treatments. The significant level used for the ANOVA
Tukey test was P<0.05, indicating a confidence interval of 95%. For the non-parametric test, significant differences were determined by multiple comparisons with correction for multiple testing
by the single-step test, where a confidence interval of 95% was used.
3 Results
3.1 Dry matter and sugar content at the end of treatment
The shoot biomass was significantly lower in the WL treatments compared to the control at the
end of each treatment , except in T10 and F5 (Fig. 1a). T10 had higher total soluble sugars (TSS)
concentration in comparison to the control at the end of treatment (Fig. 1b), while the reverse was
the case at booting, i.e., lower TSS concentration in B10 when compared to the control. The content of TSS followed the same pattern as the concentration (Fig. 1c). In contrast to T10, B10 had a
significantly lower TSS content than the control at the end of treatment (Fig. 1c), indicating that
the TSS content was mainly determined by differences in TSS concentration rather than in biomass accumulation at the end of treatment (Fig. 1a-c).
3.2 N status of the shoot at the end of treatment
The shoot N concentration in T10 was significantly reduced by WL at the end of treatment (Fig.
1d), as the N concentration of the control exceeded T10 by 56%. The lower N concentration caused
by WL at the tillering stage was also evident from the loss of leaf greenness after both five and 10
days of WL (S. 2 a-c). The N concentration in the shoots of B10 and F10 did not differ significantly
from the control (Fig. 1d) although the N concentration in the F10 treatment showed wide confidence intervals (Fig. 1d), and it is therefore not clear whether differences did exist between F10
and the control. No leaf discoloration was observed at the booting stage, but premature leaf senescence was observed in both the F5 and F10 treatments at the end of the WL treatments (S. 2d
and e). At the end of treatment, the shoot N uptake (Fig. 1e) followed the same trend as the shoot
N concentrations (Fig. 1d) indicating that the N uptake was governed more by differences in N
concentration than differences in biomass growth.
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Figure 1: Dry matter of treated and control plants on the last day of the six different waterlogging treatments (a).
Biomass measurements, (b) shoot TSS concentration, (c)shoot TSS content, (d) shoot nitrogen concentration and (e)
shoot nitrogen uptake, as a function of development stage in WL samples and in the Control at the end of 10 days
treatments. Error bars indicate the standard deviation of means within each growth stage.

3.3 Photosynthesis
WL significantly reduced the net photosynthesis (Pn) of the latest fully developed leaf in T5, T10,
and B5 compared to the control on the last day of treatment (Fig. 2). However, in B10 no significant difference was observed compared to control, and B10 had a slightly larger Pn on the last day
of treatment compared to the control (Fig. 2). Additional measurements of Pn was made in T5
and B5 on the last day of treatment in T10 and B10 (data not shown) revealing that after five days
of drainage Pn increased by, respectively, 25 and 39%, resulting in Pn values that were similar or
higher than those of the control. Pn was not measured in F5 or F10 at the end of treatment due to
premature leaf senescence with advanced yellowing of leaves (S. 2d) and cessation of photosynthesis in the F10 treatment (S. 2e). WL for five or 10 days generally reduced or stopped Pn, yet
fast recovery was observed in both T5 and B5 upon drainage.
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Figure 2: Net photosynthetic rate (Pn) measured on the last day of each treatment in the WL treated and Control
pots. Pn was not measured in F5 and F10 at the end of WL treatment due to senescent yellow leaves. Error bars
indicate the standard deviation of means within each growth stage.

3.4 Yield and shoot biomass at maturity
The grain yields were only significantly decreased in F5 and F10 compared to the control (Fig 3b).
The decrease in grain yield appears to be an interaction between the development stage and the
duration of the WL treatment (P<0.05), as yields decreased at both tillering and flowering with
the duration of the WL event. While the grain yield decreased with the duration of WL in both the
tillering and flowering treatments, the opposite was the case for the booting treatments (Fig 3b),
where B10 had a slightly larger grain yield than the control. The number of spikes was not affected
by the development stage or the duration of the WL events, and thus had insignificant effects on
final yields, but both the control and B10 still had some green tillers at maturity when they were
harvested (Fig. 6c). The number of grains spike-1 was affected by the duration of WL, where WL
for 5 days generally increased the number of grains compared to the control, while 10 days of WL
had no significant effect on the number of grains compared to the control (Fig. 3d). However, the
grain weight was reduced in all WL treatments compared to the control. The most substantial
reduction in grain size was observed for WL during the flowering stage where the grain weight in
F10 was a 39.6% lower than in the control (Fig. 3e). Altogether, the 51% reduction in grain yield
for F10 compared to the control was an additive effect of a slightly smaller number of spikes and
in particular, a smaller average grain size, whereas the tendency to increased grain yield in B10
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compared to the control could mainly be ascribed to a slightly larger number of spikes per pot.
The total shoot biomass at maturity followed the same trend as for the grain yields, with only F5
and F10 having significantly lower biomass than the control. For F10 the biomass of total aboveground shoots at maturity was, for example, 40% lower than the control and the grain yield 51%
lower (Fig 3a).
The harvest index (HI) followed the same trend as the grain and total yields, with the largest values for B10 and control and the lowest for F5 and F10 (Fig 3f). The HI of F5 and F10 was significantly reduced, showing a decreasing ability to redistribute photoassimilates when WL occurred
in the late phenological stages. HI was significantly affected by both the duration of WL (P<0.05)
and the development stage (P<0.005).

Figure 3: Yield components at maturity in each WL treatment and the Control pots. (a) Total biomass yield, (b) grain
yield, (c) number of spikes, (d) number of grains per spike, (e) Kernel 1000 weight and (f) the harvest index as a
function of the developing stage and the WL durations at maturity. Error bars indicate the standard deviation of
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means within each growth stage.* indicates a P-value below 0.05, ** indicates a P value below 0.01 and *** indicates
a P value below 0.001

3.5 Sugars at maturity
Neither total shoot TSS nor grain TSS concentrations showed any significant difference among
the treatments at maturity (Fig. 4a, b), indicating that recovery to normal conditions had occurred
in both T10, B10, and F10 after drainage was introduced. A comparison of the TSS concentration
at maturity with the concentration in the biomass samples at the end of treatment (Figs. 4a versus
1b) showed that in most cases the TSS concentration was higher at maturity, i.e., after WL had
ended. Hence TSS production continued after WL had occurred. In all treatments, a higher TSS
concentration was found in grains at maturity than in the total biomass.
The measurements of TSS content revealed that F10 had significantly lower total TSS and grain
TSS contents (P<0.001) at maturity compared to all other treatments (Fig. 4c, d). This difference
was likely driven by the significant difference in the biomass accumulation at maturity, as the
concentrations of TSS were unaffected by WL at maturity. The effect of WL on the TSS harvest
index (TSS-HI) showed no significant differences among the treatments (Fig. 4e).

Figure 4: Total soluable sugars (TSS) in the 10-day WL treatments and the Control at maturity where (a) is the TSS
concentration in the total shoot biomass, (b) is the TSS content in the total shoot biomass for each treatment, (c) is the
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TSS concentration in the grains and (d) is the TSS content in the grains at maturity for each treatment. Error bars
indicate the standard deviation of the sample means.

3.6 Nitrogen at maturity
F10 had a significantly larger N concentration for the whole shoot compared to all other treatments including the control (Fig. 5a). Recovery to normal N concentration levels had occurred in
T10, which had a significantly lower N concentration than the control when WL ended (Fig. 1d).
Similar to TSS, higher N concentrations were found in the grains than in shoot in all treatments
at maturity, but there was no significant difference in the grain N concentrations (Fig. 5b). However, both the total N uptake and grain N uptake (P<0.05) were significantly decreased in F10
compared to the control (Fig. 5c, d), implying that, as with TSS, N uptake was mainly determined
by the biomass at maturity, which was the opposite to what was seen at the end of the WL treatments.
The nitrogen harvest index (NHI) was largest for B10 (Fig. 5e), indicating that N was most efficiently redistributed within the B10 treatment. The lowest NHI was found for F10 where only 60%
of the total shoot nitrogen had been redistributed to the grains, showing that the redistribution of
N within the shoot biomass was reduced when WL occurred at flowering (P<0.005).

Figure 5: Nitrogen (N) concentration and uptake in the 10-day WL treatments and the Control at maturity where (a) is
the concentration of total-N in the shoot biomass, (b) is the total-N concentration in the grains, (c) is the total-N uptake
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for the total shoot biomass and (d) it the total-N uptake in the grains at maturity for each treatment. Error bars indicate
the standard deviation of the means.

3.7 Essential mineral element ion analysis
For T10, WL caused no significant changes to the concentration or uptake of macro- and micronutrients at maturity. However, significant differences were found for both B10 and F10 (Fig. 6
and 7). In B10 the concentrations of Cu, K, and Mn were significantly lower than in the control
(Fig. 6 a, d, f). However, in F10 the concentration of the three macronutrients Ca , K and Mg had
increased significantly compared to the control (Fig. 6a, d, e), yet WL only resulted in a significant
increase in the content of Ca (Fig. 7a).

Figure 6: Inductively coupled plasma analysis showing the average concentration for the elements: Ca (a), Cu (b),
Fe (c), K (d), Mg (e), Mn (f) and P (g) in the entire shoot biomass at maturity in the 10-days treatments and the control.
Error bars indicate the standard deviation of the means.
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Figure 7: Average content for the element Ca (a), Cu (b), Fe (c), K (d), Mg (e), Mn (f) and P (g) in the entire shoot
biomass at maturity in the 10-days treatments and the control. Error bars indicate the standard deviation of the means.

4 Discussion
4.1 Flowering
For wheat, the reproductive stages have previously been suggested as being the most sensitive to
WL, due to the impact WL can have on grain-filling processes and the short recovery time before
maturity (Li et al., 2011;Wu et al., 2014). Grain losses of 20% occurred following six days of WL
at anthesis (Wu et al., 2014), similar to the yield loss of 26% following five days of WL at flowering
in this experiment. Seen in this perspective, the yield penalty of 51% following 10 days of WL at
flowering, seems reasonable. The F10 treatment also distinguished itself by significantly increased
concentrations of Ca in the shoot at maturity compared to the control and the other WL treatments. The three macronutrients and especially Ca are abundant in many soils (Schlesinger, 1996)
and are often transported to the root surfaces in amounts 10 times that of plant requirements
(Russell, 1973). Additionally, waterlogging is known to cause root deterioration (Barrett-Lennard
- 92 -

et al., 1988;Waters et al., 1991;Mustroph and Albrecht, 2007;Herzog et al., 2016b;Rushna et al.,
2018) and depolarization of root plasma membranes in wheat (Herzog et al., 2016b), causing
changes in the nutrient uptake (Trought and Drew, 1980;Huang et al., 1995). During late development stages, fewer adaptive possibilities may exist, such as the formation of new roots from
tillers, or the formation adventitious roots, (Noordwijk and Brouwer, 1993;Brisson et al., 2002).
Ca is often transported through the apoplast to the endodermal cells where its transport to the
xylem is blocked by the Casparian band, and Ca thus has to pass through the symplast to enter
the xylem and be transported to the shoots (White and Broadley, 2003). However, it has been
suggested that Ca concentrations in plant shoots increase when the Casparian strips are disconnected or ruptured (White, 2001). We believe that the large concentration of Ca in F10 implies
that the Casparian strips were damaged, and that root necrosis, therefore, allowed an easier
transport from the root tips to the xylem and finally to the shoot.
In addition to damages to the Casparian strips, Ca possibly was higher in F10 than in T10 and B10
because no new tillers developed following WL at flowering. In T10 and B10 treatments, new tillers were developed after WL. Hence, the concentration of Ca might have decreased upon drainage
due to further biomass growth, explaining the non-significant increase in Ca concentration and
content in T10 and B10. Root cross-sections can reveal damages to the root structure and Casparian strips caused by WL. Therefore root cross-sections have been widely applied for determination
of aerenchyma formation (Jackson and Amstrong, 1999;Xu et al., 2013;Yamauchi et al.,
2014;Yamauchi et al., 2018), but often such studies have been concerned with root changes during
seeding or tillering (Barrett-Lennard et al., 1988;Huang and Johnson, 1995;Suralta and Yamauchi, 2008;Xu et al., 2013;Rushna et al., 2018) and thus little is known about how WL affects roots
in the later phenological stages. Hence to obtain a better understanding of why the micro-elemental concentration of shoots changes significantly during flowering we suggest that future research should include an analysis of potential root damage by including root cross-sections to
determine whether high concentrations of especially Ca in the shoot is an indication of damage to
the Casparian strips in waterlogged wheat.
Partial root excision can also cause leaf senescence, which can be suppressed by a concomitant
cytokinin application (Hsia and Kao, 1978;Badenoch-Jones et al., 1996). However, if root excision
occurred, then decreased root-derived cytokinin could have caused the premature leaf senescence
(Schippers et al., 2015), as the N-concentration had not decreased in the shoot at maturity following WL at flowering. However, since we measured neither cytokinin nor N in the leaves, we cannot
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determine which was the cause of the premature senescence in F5 and F10. Consequently, we
suggest that further research into the relation of leaf N and root-derived cytokinin with premature
senescence in leaves of WL plants is needed.
F5, and especially F10, reached maturity almost immediately after the WL treatments had ended
(Table 2,S. 2d, e). Combined with the early leaf senescence observed for the flowering treatments,
this resulted in a shorter growth period and decreased Pn during grain-filling, and thus in low
yields as lower Pn values have been connected with low yields in WL plants (Jiang et al., 2008;Li
et al., 2013;de San Celedonio et al., 2016a). The shorter growth period, and lower Pn during the
grain-filling stage due to leaf senescence, would explain why yield decreases due to WL are often
correlated with smaller grain size, number of grains, and grain weight (Jiang et al., 2008;Li et al.,
2013;de San Celedonio et al., 2016a). These findings are consistent with our results where the
grain weight decreased in all WL treatments, and especially in the F10 treatment which also had
few grains (Fig. 3d).
N-uptake and protein concentration in grains can drop due to WL (Dickin and Wright, 2008) and
has caused protein concentration to decrease by up to 1.5 g kg-1 day-1 of WL in maize and soybeans (Kaur et al., 2017a). Furthermore, the TSS concentration in grains is an essential factor for
both quality (Zhang et al., 2011) and grain size (Li et al., 2013), and several studies have found
that WL after anthesis significantly reduced the quality and quantity of the yield (Jiang et al.,
2008;Zhang et al., 2011;Li et al., 2013). Both Li et al. (2013) and Jiang et al. (2008) reported that
one of the effects of WL during anthesis is impaired grain-filling due to a disrupted translocation
of sugars to the grains resulting in smaller grains. These findings were not corroborated by our
results as no differences in the TSS or N concentrations (Figs. 4a,b, 5a,b) were observed for any
of the WL treatments. Still, the total uptake of N and content of TSS were significantly smaller in
the F10 treatment compared to the control and other WL treatments. However, the difference in
N uptake and TSS content was not due to limited access to N or changes in the intrinsic TSS balance as the concentrations of both N and TSS remained unchanged. Instead, it was caused by the
low biomass production in F10, which in turn was related to the premature leaf senescence, supporting previous work on maize where low N-uptake has been related to a lower biomass accumulation rather than decreased N-concentrations and N-availability (Ren et al., 2017).
4.2 Booting

- 94 -

While yield decreased when WL was imposed at flowering, our results indicate that WL at booting
may increase the number of tillers, ears, and the yield (Fig 3). Some wheat cultivars are known to
produce more tillers when waterlogged at the booting stage (Wu et al., 2015), and WL can delay
tillering by up to nine days (Robertson et al., 2009). Similarly, drought stress can arrest tiller
formation for prolonged times (Talukder et al., 1987). This accords well with our results where
B10 tended to have more spikes (Fig. 3c) and where some of the spikes remained green until maturity. An explanation for the larger numbers of tillers and higher yield in B10 could be that the
formation of adventitious roots was more pronounced during the booting stage, as the formation
of adventitious roots has been linked to increased biomass production during WL events (Else et
al., 2009;Rich et al., 2012;Voesenek et al., 2015;Yamauchi et al., 2018). The formation of adventitious roots could support shoot growth by reducing the oxygen stress as these roots often grow
horizontally just below, along or even above the soil surface and thus have easier access to oxygen
and often has a larger aerenchyma formation (Setter and Waters, 2003;Colmer and Greenway,
2011;Sauter, 2013). If B10 did have a more extensive formation of adventitious roots, this could
also explain why the TSS concentration was significantly lower compared to the control at the end
of treatment. When WL occurs, roots require fewer sugars as their development stops and thus
sugars can build up in the shoots (Waters et al., 1991;Parent et al., 2008;Calvo-Polanco et al.,
2012;Herzog et al., 2016b). However, if there is a higher demand for sugars to support the adventitious root development, there may be a smaller build-up of TSS in the shoot. It is recognized that
tiller formation depends on the concentration of sugars in the shoot. Thus tiller formation may
not occur if the sugar concentration decreases significantly (Rabot et al., 2012). On the other hand,
high Pn values can be linked to the redistribution of sugars from the main shoot to tillers, resulting
in increased tiller formation (Barbier et al., 2015) as found under high light intensity (Rabot et al.,
2012). TSS was reduced significantly in the B10 treatment on the last day of treatment compared
to the control (Fig. 1b) which is likely to have caused an arrest of tiller formation. However, B5
showed significantly increased Pn values after five days of drainage (20.8 compared to 15.5 µmol
CO2 m-2 s-1 for the control), indicating that higher Pn values after cessation of the WL conditions
caused the TSS concentration to increase and resumed the redistribution to the tillers. Such a
chain of events could explain why more late tillers were produced in the booting treatments.
Booting was the only growth stage in which WL treatment did not accelerate plant development
and where the harvest date was the same as the control (Table 2), so the long growth period gave
new tillers time to grow before the main plants reached maturity. The larger number of tillers in
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B5, and especially B10, also explain why the number of grains was largest in the booting treatments (Fig. 3c). Thus, B10 had a large yield due to delayed tillering after WL that resulted in a
larger number of grains. While no adverse effect of WL on yield was observed in the booting treatments, WL did cause lower concentrations of Cu, K, and Mn in the B10 treatment (Fig. 6b, d, f),
partly consistent with previous studies where K and Mg decreased in wheat stems during WL
(Huang et al., 1995). However, several studies have reported a tendency for Mn to increase in WL
plants (Stieger and Feller, 1994;Khabaz-Saberi et al., 2007;Setter et al., 2009) due to the higher
solubility of its reduced form and changes to soil pH caused by WL. Ultimately, the magnitude of
macro- and micronutrients in WL plants depends on the soil properties and wheat variety, as
different wheat varieties have different sensitivities to nutrient changes, depending on soil type
(Khabaz-Saberi et al., 2007;Setter et al., 2009). In contrast to the development at flowering, the
booting treatment had continued side shoot development after the WL treatment ended as well
as continued formation of new roots(Klepper et al., 1984). Thus, the renewed root growth and
shoot biomass development in the B10 treatment would have resulted in a dilution of the Ca content occurring during the WL treatment, resulting in similar Ca concentration and content to that
of the control at maturity (Fig 6a , 6b).
4.3 Tillering
WL at tillering caused a slight but insignificant decrease in grain yield (Fig. 3a), which correlated
with the lower Pn on the last day of treatment in both T5 and T10 (Fig. 2). However, since Pn
recovered to the same level as the control after five days of drainage, and since leaf senescence did
not occur, the final grain yield remained mostly unaffected.
Herzog et al. (2016) suggested that the reduction in the N-concentration in leaves is the main
reason for the lower Pn in WL plants when WL lasts for more than three days. We likewise observed lower N-concentrations in T5 and T10 at the end of the WL treatments (Fig 1d), but not at
maturity. However, we might not have been able to detect decreased N-concentrations in the
leaves at maturity, as we measured N-concentration for the entire shoot biomass and not separately for leaves and stems. Tillering was the only development stage at which we saw decreased
N-concentrations due to WL on the last day of treatment. In the T10 treatment no effect could be
found of WL on the N-concentration at maturity (Fig. 1b and Fig. 5a), indicating the ability to
recover once drainage started. This corresponds to the findings by Malik et al. (2002) that wheat
can recover from N-deficiency during the early growth stages. The nutrient analysis showed that
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T10 was not as sensitive to WL as either B10 or F10 (Fig 6 and 7). Probably, T10 at the end of
treatment had experienced changes in the concentration of nutrients as previously reported when
WL occurs during the early development stages (Trought and Drew, 1980). However, recovery to
normal levels had occurred at maturity, just as we revealed for N. Such recovery to normal levels
of Fe and Mn has previously been reported for wheat plants waterlogged early in the phenological
cycle after 40 days of drainage (Yaduvanshi et al., 2012).
WL does not affect all growth stages of wheat through the same mechanism. Flowering was the
most sensitive development stage where yield losses were caused by premature leaf senescence
possibly due to root necrosis, which in turn resulted in a short growth period and faster maturity,
causing smaller grains. However, no effect on the quality of the grain was observed as neither N
concentration nor TSS concentration in the grains decreased significantly following the WL treatments. The flowering stage also had a lager concentration of macronutrients and high uptake of
Ca, which could corroborate damage of roots and Casparian strips. Booting was the stage secondmost sensitive to WL. A tendency of increased yield with WL at booting was likely related to a
tendency of larger formation of tillers caused by a high Pn once the waterlogged soil conditions
ceased. However, immature, green tillers at harvest are not wanted in agriculture. Lower concentrations of micro- and macronutrients in the mature shoots of the booting treatments did indicate
that the nutrient balance was perturbed during WL and that recovery to normal levels was impossible before maturity was reached. The tillering stage was the least sensitive to WL, although lower
N concentration in the shoots was observed, recovery to normal levels followed once the waterlogged soil conditions ceased. Likewise, Pn was reduced but recovered to normal levels after the
WL treatment had stopped indicating that recovery and compensation are possible when WL
stress is inflicted during the early phenological stages, as no significant yield penalties were visible
at maturity. No effect on the macro- and micronutrient balances was visible at maturity, which
likely was due to the extende recovery period compared to the other development stages.

Abbreviations
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Supplementary 1: Irrigation schedule for the control pots in the experiment
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16

200

21

100

23

200

27

200

29

200

30

-

31

200

33

200

34

300

36

200

38

200

40

200

43

300

44

200

45

-

46

400

48

300

50

300

53

400

55

400

59

400

62

500

63

500

amount Comment

WL tillering

WL booting
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66

500

68

500

70

400

72

500

74

300

76

-

77

300

79

300

82

200

84

200

86

200

90

200

92

200

94

200

96

100

WL flowering

WL ends

Irrigation
ends
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Supplementary 2: Pictures of the waterlogged and the Control plants on the last day of treatment for the five- and
10-day treatments at tillering, and flowering: (a) Waterlogged plants at T5; (b) control at T5; (c) waterlogged plant
(left) and control plant (right) on the last day of treatment for T10; (d) waterlogged plants (left) and control plants
(right) (e) waterlogged plants (left) and control plants (right) at F10. Note that since the pictures are taken with an
angle, due to the perspective, the scales given are only valid in the foreground of each image.
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Short-term waterlogging at different development stages has no long-term effects on winter
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Abstract:
Aim To investigate how short-term waterlogging (WL) influences development, yield, and nutrient uptake of winter wheat depending on development stage and duration of WL.
Methods Wheat was grown to maturity in undisturbed soil columns under natural outdoor conditions, and WL was introduced at three development stages: tillering (T); booting (B); and flowering (F). Waterlogging lasted 3, 5, 10 or 15 days. Soil redox conditions, stomatal conductance,
leaf chlorophyll, shoot nitrogen (N) concentrations, and biomass development were measured
during and after each WL event. At maturity, the yield, N, calcium (Ca) and manganese (Mn)
concentrations were determined.
Results Despite a rapid decline in soil redox potential, a lag phase of 10-15 days occurred from the
start of WL until any physiological responses were observed in the waterlogged shoots. The most
severe reductions of stomatal conductance, leaf chlorophyll, and shoot N concentrations were
found for WL at T, followed by F and then B. Shoot biomass and N-uptake decreased with the
duration of WL, while Ca and Mn increased in the shoot biomass.
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Conclusions The developmental stage determined the immediate shoot response to WL, while
duration determined the impact on yield.
Abbreviations: WL-Waterlogging; N-Nitrogen, Ca- Calcium, Mn-Manganese, HI-Harvest index;
DM-Dry matter; Eh-Redox potential, C-Control, T-Tillering, B-Booting, F-Flowering
1 Introduction
Waterlogging (WL) is a significant agricultural challenge, as 10% of all land areas are estimated
to be waterlogged every year, while some regions even experience WL on up to 20% of the arable
land (Setter and Waters 2003). During WL the soil oxygen content is low due to poor soil aeration,
which can have negative impacts on crop growth and development (Boru et al. 2001). Moreover,
climate change is causing more intense and long-lasting rainfall in regions already receiving large
amounts of precipitation (Santos et al. 2016), increasing the risk of WL on agricultural soils. This
is especially problematic in many regions in Eastern and Southern Asia like China where wheat is
often exposed to periods with WL throughout the growing season (Shao et al. 2013; Wu et al.
2015). Winter wheat in China and South East Asia is often grown in a double-cropping system
with rice during the summer (Yaduvanshi et al. 2012). The soil preparation for rice cultivation
causes soil compaction, rendering favorable conditions for WL, and free drainage is consequently
difficult in these areas (Yaduvanshi et al. 2012). Yield losses of between 7-51% for waterlogged
wheat across the world, including China, have been recorded (Dickin and Wright 2008; Musgrave
1994; Wu et al. 2014; Wu et al. 2015). Since wheat is one of the major crops in China (Cui and
Shoemaker 2018), it is essential to understand the cause-effect relationships of WL on crop
growth and yield, particularly since China focuses on stable grain production under a future
climate with more extreme weather (Wang et al. 2016).
Most studies on WL in wheat have focused on how yield is affected (de San Celedonio et al. 2017;
Ghobadi et al. 2017; Marti et al. 2015). In these studies yield losses have often been associated
with decreased photosynthesis due to the lower N concentration in the leaves of WL-affected crops
(Herzog et al. 2016; Jiang et al. 2008) or lower stomatal conductance (Else et al. 2009) resulting
in a lower biomass accumulation (Ren et al. 2017). The lower grain yields associated with WL are
furthermore determined by the growth stage at which WL occurs. Thus WL at tillering often reduces the number of tillers (Belford et al.1985; Wu et al. 2015), while yield losses due to WL at
booting are related to a reduced number of grains per spike (Marti et al. 2015; Wollmer et al.
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2018). Yield losses at flowering have been associated with a reduction in both the number of grains
and grain size (de San Celedonio et al. 2016; Li et al. 2013). Another studied aspect is how WL can
impair grain quality by decreasing the translocation of photoassimilates such as essential proteins
from the stem and leaf to the grains during grain-filling (Dickin and Wright 2008; Xie et al. 2003).
Less translocation of essential amino acids reduces yield and grain quality (Jiang et al. 2008; Li
et al. 2013), and WL has been found to reduce protein contents in grain by 1.5 g protein kg-1 day-1
under WL in crops like maize and soybeans (Kaur et al. 2017). Meanwhile WL in winter wheat
from mid-tillering until stem elongation has been found to reduce grain protein and grain N
content by up to 11% and 16%, respectively (Dickin and Wright 2008)
The N concentration in leaves decreases when wheat plants experience WL (Jiang et al. 2008),
yet few studies have investigated whether this also applies to the N concentration and uptake in
the whole plant. Consequently, Herzog et al. (2016) suggested that further research on the N dynamics in WL-affected plants is needed since N plays a vital role for photosynthesis and grainfilling. Studies focusing on the effects of WL on shoot N dynamics tend to focus on the changes
due to WL at a specific phenological stage, and most have been concerned with early crop development such as the seeding and tillering stages (Dickin et al. 2009; Dickin and Wright 2008;
Malik et al. 2001; Webster et al. 1986). Only few studies have looked at how the duration of WL
affects shoot N dynamics (Malik et al. 2002), revealing a gap in the knowledge on the interactions
between time and duration of the WL event. It is well known that highly anoxic conditions caused
by WL can increase denitrification, thereby lowering the plant-availability of N in the soil and thus
plant N uptake and growth (Hamonts et al. 2013; Nguyen et al. 2018; Sánchez-Rodríguez et al.
2017). It is therefore essential to follow the soil N dynamics under WL to understand how WL
affects plant N dynamics. In addition to N, waterlogging can affect the concentration of microand macronutrients in the soil solution. This is true for both redox-sensitive nutrients like manganese (Mn) and less redox-sensitive nutrients like calcium (Ca) (Setter and Waters 2003;
Waldren et al. 1988). These can become more available for crop uptake under WL and potentially
have toxic effects on the shoots.
The objective of the present study was to determine the effects of short-term WL on the growth of
winter wheat. The focus was on how WL at different growth stages and for different durations
affects stomatal conductance and leaf N during WL and how this in turn affects yield quantity and
quality at maturity, while also considering the Ca and Mn uptake. Our hypotheses were that i) WL
reduces the growth of wheat by reducing the stomatal conductance and leaf N concentration while
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these reductions will become increasingly severe with the duration of WL; ii) the reduction of
stomatal conductance and leaf N when WL happens during flowering will reduce yield more than
with WL during the early developmental stages due to a shorter recovery period before maturity;
iii) WL will result in soil with low redox potentials, limiting plant accessibility to N and increasing
the availability of other nutrients like Mn and Ca.
2 Materials and Methods
2.1 Experimental design
The study was carried out during the 2016/2017 growing season at the Luancheng Research Station (37°53′N, 114°41′E, elevation 50 m) on the North China Plain in the Hebei province. The
experiment was based on wheat grown in undisturbed soil in large PVC cylinders (40 cm high, 20
cm diameter). The cylinders were inserted into the soil in November 2016 and extracted from the
field at the beginning of the growing season in March 2017. The soil used in the experiment was a
loamy silt (Table 1) typical for the Hebei province. The soil had a pH of 8.0, making it slightly
alkaline.
Table 1: Textural characteristics (USDA standard) of the soil used in the experimental setup.

Averages
Depth

Clay

Silt

Sand

Dry

bulk

density
(g/cm3))
0-10 cm

2.0

75.8

22.2

1.2

10-20 cm

1.8

78.4

19.0

1.5

20-30 cm

2.3

74.8

22.9

1.5

30-40 cm

2.5

77.2

20.3

1.5

The experiment was set up under outdoor conditions to obtain as natural conditions as possible.
Weather data consisting of precipitation and air temperatures for the experiment are shown in
Table 2.
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Table 2: Weather data from the Luancheng Research Station. Temperatures are given as monthly, min, max and
averages based on hourly measurements at 2 m height, while precipitation is the monthly precipitation during the
experimental period.

Month

Year Mean

Mean max Mean min Total Pre-

Air

air

tem- air

tem- cipitation

temper-

perature

perature

ature

(OC)

(OC)

(mm)

(OC)
October

2016

13.3

17.8

7.9

32

Novem-

2016

5.0

10.7

-0.6

3.2

December

2016

0.0

5.7

-5.2

4

January

2017

-1.7

3.4

-6.0

0.4

February

2017

2.3

9.9

-4.5

6

March

2017

8.4

15.2

1.5

7.6

April

2017

16.0

22.7

8.7

27.2

May

2017

22.5

29.4

14.5

23.8

June

2017

25.8

32.2

18.9

50.8

ber

On October 3, 2016, the experimental field was fertilized with 51 kg N ha-1 of diammonium phosphate and 87 kg N ha-1 of urea. On October 5, wheat variety Kenong 2009 (Triticum aestivum L.)
was sown with a planting density of 375 plants m-2 and a distance between rows of 15 cm. On
November 3, 62 PVC cylinders were inserted into the top layer of the soil. Each PVC cylinder
covered two wheat rows. The PVC cylinders were left in the field over winter. On March 14, 2017,
the PVC cylinders were excavated and placed in pots measuring 70x40 cm, which were packed at
the bottom with 10 cm of soil from the 30-40 cm depth of the experimental field (Fig. 1).
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Fig. 1 Experimental setup of the individual pot (a) and the entire experiment (b).

The WL treatments were introduced at three development stages: tillering (T), booting (B) and
flowering (F) and lasted 3, 5, 10 or 15 days making 13 treatments in all including the control (C)
(Table 3). In all WL treatments, the water level (tap water, pH 7) was kept 1-2 cm above the soil
surface during the treatment period. Pots not under treatment were kept at field capacity. The
field capacity was estimated based on measurements of the average soil water content in 12 of the
pots before the experiment began. These pots were saturated with water and left to drain for three
days while placed in hydraulic contact with a loose, moist soil surface. The weight of the drained
pots was recorded, and the field capacity was calculated. Pots were weighed every two to three
days and irrigated to field capacity to make sure that the C and the WL pots not currently under
treatment were all kept close to field capacity. When at field capacity, the pots ranged in weight
from 35 to 39 kg with an average weight of 37 kg. Each WL treatment consisted of four replicates
while the C treatment consisted of 14 replicates, of which eight replicates were used for biomass
sampling at the end of each WL treatment, and six C replicates were left until maturity.
Table 3: Overview of the WL treatments showing the development stage, duration and the timing of the WL.
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Development
stage at beginning of WL

Zadoks code at

Date at

beginning of WL beginning of
treatment

treatment

WL treat-

WL treat-

WL treat-

Repli-

ment dura-

ment start

cates

tion (days)

(days after

ment

sowing)

Control

-

-

-

-

14

Tillering

24

01/04/17

3, 5, 10, 15

179

4

Booting

45

17/04/17

3, 5, 10, 15

193

4

Flowering

62

04/05/17

3, 5, 10, 15

212

4

2.2 Physical measurements
Chlorophyll content in the last developed leaf of three plants in each pot was measured during the
WL treatments using a SPADMETER (Norsk Hydro TM, Norway). Once WL treatments started,
measurements were taken after 3, 5, 10 and 15 days in both the WL pots and in C at T, B and F.
The SPAD measurements made in F15 was made on the 14 day but within the last 24 hours of the
15 days treatment.
Stomatal conductance was measured on the last fully developed sunlit leaf of three plants in each
pot on the last day of WL treatment using a Porometer (Model SC-1; Decagon, Pullman, WA,
USA). Once the WL treatment started, measurements were taken after 3, 5, 10 and 15 days in both
the WL pots and in C. However, for T2 it was impossible to record stomatal conductance due to
equipment malfunctioning. The porometer measurements made for F10 was made on the morning of the 11 day, while the measurements of F15 was made on the 14 day but within the last 24
hours of the 15 days treatment.
The redox potential in the soil columns was measured by use of platinum electrodes at 10 and 20
cm depth with an Ag/AgCl reference electrode (REF321, Radiometer Analytical, France) and an
ORP meter (HQ11d portable, HACH, CO, USA). The measured redox values were converted to
standard hydrogen potentials (Eh) by adding +245 mV to all measurements. Eh was measured in
both the WL pots and in C after 5, 10 and 15 days of WL. The redox measurements in F15 were
taken on the 14 day of treatment, but within the last 24 hours of the 15 days treatment.
Three random, well-developed tillers were collected from C and the treated pots on the last day of
each treatment. At every sampling, tillers were collected from all four treated pots and from four
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of the C pots. The samples were dried at 70°C until stable weight was obtained, and the biomass
was recorded. Afterwards, all samples were stored until chemical analysis.
At maturity, all the remaining aboveground plant biomass was harvested in the C and WL pots.
The number of green tillers (tillers not having mature spikes and grains) and mature spikes were
recorded for each pot. All samples were dried a 70°C until stable weight was obtained. The biomass was divided into grains and straw (stem + leaves, excluding non-grain parts of the spikes).
The number of grains in each pot was counted and weighed, and based on these measurements
the 1000-kernel weight was calculated. The harvest index (HI) was calculated as:
𝐻𝑎𝑟𝑣𝑒𝑠𝑡 𝑖𝑛𝑑𝑒𝑥 (𝐻𝐼) = 𝐺𝑟𝑎𝑖𝑛 𝐷𝑀 𝑤𝑒𝑖𝑔ℎ𝑡⁄𝑇𝑜𝑡𝑎𝑙 𝐷𝑀 𝑤𝑒𝑖𝑔ℎ𝑡

2.3 Chemical measurements
The N concentration in the dry matter was determined by the Kjeldahl method (Nelson and
Sommers 1973) using TN Analysis (Vario TOC Select, Elementar, Germany). The N concentration
was determined in all tiller samples and for all mature plant samples. N was measured in tillers,
grain and straw, and N uptake at maturity was calculated from the biomass recorded.The concentrations of Ca and Mn were measured by atomic absorption spectrometry (Zeenit 700 P,
Analytikjena, Germany) after microwave digestion of straw and grain from the final harvest
samples from all treatments.
2.4 Statistical analysis
R-studio software (version 1.1.383) was used for data analysis. Data were subjected to two-way
analysis of variance (ANOVA) or two-way Kruskal-Wallis test to detect significant differences between treatments. The Kruskal-Wallis two-way analysis was applied to data that did not follow a
normal distribution, or when there was uneven variance among the normally distributed samples
due to outliers in the residuals. Significant differences between treatments were given at P<0.05.
The normally distributed data were subjected to the Tukey test to determine the significance of
the difference between the treatments. The significance level used for the ANOVA Tukey test was
P<0.05, indicating a confidence interval of 95%. For the non-parametric Kruskal-Wallis test,
significant differences were determined by applying a multiple comparisons test with correction
for multiple testing by the single-step method, where a confidence interval of 95% was used.
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2.5 Data analysis approach
After three days of WL at the individual development stages, all WL treatments had been through
the same treatment. Consequently, all measurements made after three days of WL were treated
as three-day samples when the statistical analysis was made, resulting in 16 replicates of the threeday treatment. After five days of treatment, four replicates of the three-day treatment had been
drained, making them different from the remaining 12 replicates, which had now all been
waterlogged for five days. Thus, the four three-day treatments that had been drained were now
treated separately statistically, and the three-day treatment now consisted of four replicates.
Meanwhile, the five-day treatment consisted of 12 replicates. After ten days of WL, both the threeand five-day treatments each consisted of four replicates ( drainage pots) and the 10-day treatment consisted of eight replicates. Thus after 15 days of treatment, each WL treatment consisted
of four replicates, as four pots had been drained each time after three, five and 10 days of WL.
This method was used for the statistical analysis of Eh, SPAD, and stomatal conductance.
3 Results
3.1 Soil redox potential
Measurements of soil redox potential (Eh) showed that WL caused anoxic conditions at 10 and 20
cm depths in the WL treatments at all development stages and for all durations (Fig. 2a-f). After
five days of WL, T5, B5, and F5 all had significantly lower redox potentials than C at both depths
(Fig. 2a-f). However, T3, B3, and F3 also had significantly lower redox potentials than C at both
10 and 20 cm depth (Fig. 2a-f) even though they had been drained for two days. This indicates
that for recovery to begin, drainage had to have lasted for more than two days, and in most cases
recovery to conditions near those in C followed after six-eight days (Fig. 2a-f). At booting and
flowering, recovery started faster than at tillering, since B3, B5, F3 and F5 had recovered to the
same level as C on the last day of the 10-day WL treatment (Fig. 2c, e), while T3 and T5 did not
return to the same soil conditions as C until the last day of the 15-day WL treatment (Fig. 2a). In
general, the Eh of WL pots returned fastest to the C level during booting, followed by flowering
and tillering.
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Fig 2 Eh measured in the pots after 5, 10 and 15, days of WL at T (a,b), B (c,d) and F (e,f) at 10 cm (a,c,e) and 20 cm
(b,d,f) depth. Error bars indicate 95% confidence interval of each treatment.

3.2 Stomatal conductance
Stomatal conductance was generally lower in WL pots during tillering compared to C (Fig. 3a).
This was not the case at the booting and flowering stages (Fig. 3b, c), so stomatal conductance
was apparently less affected at the later growth stages. At booting, stomatal conductance was generally higher in the WL treatments compared to C. This was especially so after the 10-day WL
treatment when the stomatal conductance of B3, B5, and B10 was significantly higher than that
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of C (Fig. 3b). At flowering the stomatal conductance of the WL plants was close to zero in the F10
and F15 treatments at the end of the 15 days treatment (Fig 3c), indicating that 10 -15 days of WL
at flowering caused severe plant stress. Likewise the stomatal conductance of C was only significantly higher than that of F10 and F15 at the end of the 15 days treatment.Thus, a lag phase of 1015 days occurred at the tillering and flowering stage before the stomatal conductance was reduced

Fig 3 Stomatal conductance in the pots after 3, 5, 10 and 15, days of WL, corresponding to the last days of treatment
at the development stages T (a), B (b) and F (c). Error bars indicate the 95% confidence interval of each treatment.

3.3 SPAD measurements of leaf chlorophyll
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As in the case of stomatal conductance, a lag phase of 10-15 days was observed from the introduction of WL until a significant reduction in the leaf chlorophyll content was recorded. The chlorophyll content was significantly higher in C than in all WL treatments after 10 and 15 days of treatment at tillering, even in T3 and T5 where WL was terminated after a few days (Fig. 4a). At booting, the chlorophyll content of B5 was significantly lower than for C after 15 days after of treatment, whileB10 had significantly higher chlorophyll values than for C (Fig. 4b). The other WL
treatments at booting were never significantly different from C. At flowering, the chlorophyll content was significantly lower in F5 and F10 than for C after 10 days of treatment, indicating that
recovery to the same levels as in C took longer than five days when WL lasted for five days (Fig.
4c). F10 and F15 had significantly lower chlorophyll contents than C after15 days of treatment,
while F10 had a significantly larger chlorophyll content than F15, showing that recovery had begun five days after drainage.

Fig 4 Chlorophyll (SPAD) after 3, 5, 10 and 15, days of WL, corresponding to the last day of treatment at the development stages T (a), B (b) and F (c). Error bars indicate the 95% confidence interval of each treatment.
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3.4 Biomass and nitrogen in tillers during growth
Tiller biomass, measured on the last day of treatment were lower in most of the WL treatments
compared to C, although this difference was insignificant across both duration and development
stage (data not shown). The N concentration declined over time at both tillering and booting and
for both C and WL treatments. The N concentration was, however, significantly lower in T15 compared to C (Fig. 5a), indicating that WL affected the N concentration of wheat biomass during
tillering, and the effect increased with the duration of WL. No effect of WL on tiller N concentrations was found at neither booting nor flowering (Fig. 5b, c).

Fig 5 Tiller N concentration in C on the last day of WL at T (a), B (b) and F (c). Treatments with different letters differ
significantly under a significance level of 0.05. Error bars indicate the 95% confidence intervals of each treatment.

3.5 Yield at maturity
No development stage effect of WL (as an average for all treatment durations) could be found for
any of the dry matter yield components at maturity. Neither were there any interaction effects
between development stage and duration of WL. Thus, only the duration of the WL event affected
the yields, influencing grain yield and total yield (Table 4) .Grain yield was significantly higher for
the 10-day WL treatment than for the 15-day WL treatment. However, none of the WL treatments
had grain yields that were significantly different from either C or the three- and five-days WL
treatments (Table 4). No treatment effects on straw yield were found. Total yield followed the
same trend as for the grain yield. No significant effects of WL were observed for the other yield
components, including number of spikes, number of green spikes, grain number per spike, kernel
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1000-weight or HI (Table 4). However, the differences in the number of spikes might be the main
reason for the difference in yield between the 10- and 15-day WL periods.
Table 4: Average DM yield at maturity for the different WL durations. Values followed by different letters differ
significantly from each other at a significant level of 0.05.

Duration
WL

Grain
of yield

Straw

Total

No.

yield

yield

Spike green

(g/pot) (g/pot) (g/pot) per

(days)

No.
spikes

pots

No.

Ker-

Grains

nel

per

1000

spike

weight

HI

(g)
C

16.9ab

18.1a

35.0ab

23.2a

1.3a

25.1a

30.0a

0.48a

3

16.2ab

17.8a

33.8ab

23.8a

2.1a

24.9a

29.3a

0.47a

5

15.5ab

17.4a

32.9ab

24.3a

1.5a

24.5a

30.3a

0.46a

10

18.5a

20.5a

39.1a

24.3a

1.4a

28.3a

28.8a

0.48a

15

13.2b

17.5a

30.7b

22.5a

0.6a

26.0a

28.3a

0.43a

At maturity, no differences in N concentrations were observed for either grains or straw (Fig. 6a,
b). Consequently, N uptake followed the yields, resulting in a significant difference between the
grain N uptake for the 10- and 15-day treatments (Fig. 6c), while no difference could be measured
for the straw (Fig. 6d). Thus, there were no detectable denitrification effects introduced by WL
treatments on plant N uptake.
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Fig 6 N concentration (a, b) and N uptake (c, d) in the grain (a, c) and straw (b, d) at maturity. Treatments marked
with different letters are significantly different at a significance level of 0.05. Error bars indicate the 95% confidence
interval of each treatment.

3.6 Ca and Mn at maturity
The concentration and uptake of Ca and Mn at maturity tended to only affected by the duration
of WL, as also found for N (Table 5), with the highest concentrations in the 15-day treatments
independent of the development stage (Table 5). However only the Mn concentrations and uptake
of the 15days treatment were significantly higher than in C.
Table 5: Average concentration and uptake of Ca and Mn at maturity for the different WL durations. Treatments
followed by different letter are significantly different at a significant level of 0.05

Treatment

Ca concentra- Ca uptake Mn concentration Mn uptake
tion

(mg pot-1)

(mg kg-1)

(mg pot-1)

(mg kg-1)
C

2534a

86a

30b

1.06b

5

3066a

101a

35b

1.14b

15

3835a

120a

54a

1.69a
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4 Discussion
4.1The influence of waterlogging on wheat growth
Though WL tended to reduce the tiller DM accumulation of the winter wheat in most of the treatments (data not shown), the reductions were never significantly different from the controls. This
is in agreement with a recent study, which found that WL for 14 days at different development
stages had no influence on the growth of winter wheat, as neither the relative growth rate, nor
stomatal conductance were reduced (Ploschuk et al., 2018). However in the present study both
the stomatal conductance and the leaf chlorophyll content (SPAD), was reduced following a lag
period of 10-15 days at the tillering and flowering stage. This indicates that the effect of WL on
leaf chlorophyll and stomatal conductance takes time before it manifests following a WL event.
However, it is well established that stomatal conductance of wheat can be reduced within 24 hours
of the introduction of WL, and that reduced stomatal conductance often is the first shoot response
to WL (Malik et al. 2001; Parent et al. 2008). However, closure of stomata in citrus seedlings has
been shown to take up to seven days (Rodríguez-Gamir et al. 2011), which correlates well with the
lag time of more than five days observed in the present study. Consequently, this study could not
corroborate that the first shoot response to WL is always reduced stomatal conductance, since the
stomatal conductance only was reduced on three occasions during the WL treatments (end of T10,
T15 and F15). Oppositely to stomatal conductance, reduced leaf chlorophyll has previously been
recorded when WL lasted for more than three days (Bansal and Srivastava 2015; Herzog et al.
2016; Wu et al. 2015), corresponding to the results in the present study. Leaf chlorophyll is known
to be an indicator of leaf N concentration (Lawlor et al. 1989) and, consequently, our study
suggests that WL mainly affected stomatal conductance and photosynthesis and thus growth
through changes in leaf N concentrations. This is supported by data showing that the application
of additional N following WL increases photosynthesis and yields of WL plants significantly
(Robertson et al. 2009; Wu et al. 2014). The N concentration of the tiller samples was unaffected
by WL treatments, except for T15 which was reduced by 14% compared to C. This aligned with the
decrease seen for both stomatal conductance and SPAD measurements, where the most and fast
decreases occurred at the tillering stage. The photosynthetic rate is linked both to stomatal
conductance (Ball et al.1987) and to the leaf N concentration (Evans 1989), why these findings
suggest that the photosynthetic rate was reduced more substantially at the tillering stage
compared to the other development stages.This means that the leaf N concentration during WL
at tillering may be an indicator of the N status in the shoot, since both the SPAD (leaf N
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concentration) and the N concentration in the tiller samples decreased during the WL event. However, during flowering, the SPAD was significantly reduced following 10 and 15 days of WL but
the N concentration of the tillers was unaffected. Thus, it is plausible that WL during flowering
caused premature leaf senescence (Ploschuk et al. 2018), but that no effect on N concentration of
the tillers could be measured due to remobilization of N from the leaves to the stems and grains.
The decrease of N uptake and N concentration during the early development stages can recover
once drainage is resumed (Malik et al. 2002; Robertson et al. 2009; Wollmer et al. 2018), and
actually no difference between T15 and C could be measured in the total N concentrations of the
biomass at maturity. Thus, this study would support hypothesis (i) as significant reduction of stomatal conductance and especially SPAD occurred during the WL events at the tillering and flowering stage, with more severe reductions as the duration increased. However, these reductions
had limited influence on the actual growth of the wheat, why WL did not hamper tiller biomass
accumulation.
4.2 The influence of waterlogging on yield
The results demonstrated that the impact of WL on yield at maturity was not significant and thus
not growth-stage dependent, but rather depended on the duration of the WL event. Both grain
and straw yields tended to decrease with the duration of WL, and the grain yield at maturity decreased by approximately 2% per day of WL in the 3, 5 and 15 days WL treatments. This corresponds to previous findings where WL during stem elongation also reduced the yields by 2% per
day (Marti et al. 2015) and thus indicates that longer periods of WL could result in significant
yield losses. Still, the significant differences in the grain yield caused by duration of WL in the
present study were only found between the 10- and 15-day WL treatments. The larger grain yield
achieved by the 10-day WL period was probably related to the greater stomatal conductance and
leaf chlorophyll content of B10, since photosynthesis is known to increase with increased leaf
chlorophyll content (Chen et al. 2014) and stomatal conductance (Ball et al. 1987). This would
explain why the B10 treatment had the largest average yield of all treatments of 22.9 g pot-1 while
the second-largest average yield was 17.3 g pot

-1

(data not shown). Differences in the yield be-

tween the 10- and 15-day WL treatments appeared to be mainly a consequence of the differences
in the number of spikes, as the 10-day treatment had the largest average number of spikes per
while the 15-day WL treatment had the lowest number of spikes per pot. However, there were no
significant different in the number of spikes among the 10 and 15 days WL treatments. This makes
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this study different from most others as WL at tillering normally results in reduces the tiller formation, and especially (Belford 1985; de San Celedonio et al. 2016; Shao et al. 2013; Wu et al.
2015). Meanwhile WL around the booting stage normally influences the number of grains per
spike (de San Celedonio et al. 2014; Marti et al. 2015; Wollmer et al. 2018), and WL at flowering
affects the grain size and number of grains per spike (Jiang et al. 2008; Li et al. 2013; Wang et al.
2016). However, non of the yield components (number of spikes, number of grains per spikes or
the grain size) were influenced in this study, and changes in the yield were not related to the
development stage at which WL occured. It is therefore obvious that the understanding of the
physiological impacts of WL on wheat still needs further exploration. Especially since it is well
established that grain yield tend to decrease with the duration of a WL event (Brisson et al. 2002;
Herzog et al. 2016; Li et al. 2011), but none of the WL treatments had significantly lower yield
than the control in the present study. Thus this study did not find evidence to support hypothesis
(ii) since neither the stomatal conductance, tiller N concentration nor the SPAD levels were reduced faster or more significantly when WL occurred during the flowering stage and particularly
since the development stage of WL had no influence on the yield at maturity. Instead, grain yield
reductions appeared to be an effect of the duration of the WL event.
4.3 The influence of WL on nutrient uptake
Redox potentials (Eh) of approximately -220mV were reached in both 10 and 20 cm depth for all
WL treatments while the Eh values of C varied around +600mV. It is well established that Mn3+
can be reduced to the more soluble Mn2+ during WL when an Eh of +150mV is reached in soils
with a pH between 7 and 8 (Atta et al. 1996). However N is reduced at higher redox potentials and
thus before Mn (Schlesinger, 1996). Yet significant reductions of tiller N concentrations were only
observed in T15, though WL generally reduced the tiller N concentration. It is likely that redox
conditions reducing the plant available N and thus N uptake occurred in all WL treatments as
redox potentials as low as -37mV were reached after five days of WL. However, the reduced uptake
of N could also reflect that the roots depended on fermentation instead of respiration for the production of ATP during WL, restricting the nutrient uptake as less energy is produced in the roots
(Wegner 2010). Especially after five days of WL where root activity of alcohol dehydrogenase and
lactate dehydrogenase can increase by respectively 93% and 95% compared to well drainage controls (Wang et al. 2009). The neglectable influence of WL on the tiller N concentration at the
booting and flowering stage could reflect a more substantial N uptake prior to the WL treatments
(Allery et al. 2009). Especially as up to 80% of the total N uptake can be expected before flowering
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is reached (Jones and Olson-Rutz 2016), indicating that most of the N uptake occurs from midtillering until the end of booting, and particularly from when stem elongation begins at growth
stage 30 (Alley et al. 2009). Once flowering and grain-filling are reached, the N uptake decreases
as N is mainly relocated from storage organs like stem and leaves to the grain (Alley et al. 2009).
Consequently, it is plausible that WL at flowering will have little impact on total N uptake but
rather has the ability to influence the redistribution of N from the leaf and stem to the grains as
previously reported by Jiang et al. (2008). Thus, the N concentration can recover from WL at the
early development stages such as tillering since a large N uptake can follow once the treatment
ends (Webster et al. 1986). Consequently the total grain N concentration and subsequently the
protein content in the grains was unaffected by WL in all treatments in the present study. However, WL has been found to reduce grain N and protein in wheat grain significantly (Dickin and
Wright 2008; Xie et al. 2003). While WL did not cause a significant reduction in the N concentrations at maturity, it did cause a significant difference in the grain N uptake, as also found by
Hamonts et al. (2013) and Nguyen et al. (2018). These differences in the grain N uptake were due
to the reduced biomass in the 15-day WL treatment and the increased biomass in the 10-day WL
treatment. Other studies on WL have similarly shown that grain N uptake tends to mainly be controlled by a reduction in biomass accumulation rather than reduced N concentrations (Jiang et al.
2008; Ren et al. 2017).
The Mn concentration and uptake in the shoot tissue increased with the duration of the WL event,
with significantly higher concentrations in the 15-day treatments compared to C. However, redox
potentials as low as -37mV were measured after five days of WL indicating that Mn3+ should have
been reduced to Mn2+ (Atta et al. 1996). Yet no significant increases in concentrations and uptake
had occurred at this point. Yaduvanshi et al. (2012) found that the exchangeable Mn in the soil
solution increases in alkaline soils with a pH of 8.5 after seven days of WL. Consequently, Mn 3+
might have started to be reduced to Mn2+ following five days of WL, but these results would
indicate a delay from the reduction took place until Mn reached the plant roots and was available
for uptake. A lower ATP production in the roots could explain such a delay in the root uptake of
nutrients during anaerobic conditions (Wegner 2010), but the increase in Mn concentration of
44% in the 15-day treatment compared to C did not reach the toxicity threshold of 380 mg Mn kg1

DM applied in Herzog et al. (2016). Consequently, the increased Mn level probably had no im-

pact on shoot growth. The shoot Ca concentration and uptake slightly increased, although insignificantly, with increasing duration of WL. This to some degree accords with other studies where
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no significant effect of WL on shoot Ca were found (Trought and Drew 1982). Ca is available in
abundance in many soils (Russell 1973; Schlesinger 1996), and it has previously been suggested
that a high Ca uptake could be due to rupture or disconnectivity of the Casparian strips (White
2001). Thus, potential root damage could explain the increased uptake of Ca. However, higher
soil water Ca concentrations may also have contributed to the larger uptake, since the soil in this
experiment was a limed soil and WL is known to decrease the pH of calcium-rich soils (Cheng and
Cao 1997; Zhu et al. 2017). Higher Ca concentrations in the soil solution are due to the trapping
of CO2 in the soil solution, shifting the equilibrium between solid CaCO3 and Ca(HCO3)2 towards
the latter, which is more soluble (Maltby and Barker 2009). Thus, this study partly supported
hypotheses (iii) since both Mn and Ca had increased in the plant tissue of the 15 days treatments.
However, it was not possible to determine if the reduced redox conditions resulted in the less
plant available N since no direct measurements of soil N was made. Yet the redox measurements
indicated that denitrification ought to have occurred.
5 Conclusion
This study showed that there is a lag time of more than five days from when reduced soil conditions occur under WL until measurable physiological responses in terms of reduced stomatal conductance, leaf chlorophyll, and tiller N concentration were detected in the shoots of winter wheat.
The physiological responses depended on the development stage, where the most severe decreases
were observed at tillering., and a smaller impact was found at flowering and booting. A reduced
leaf N concentration was the primary response to WL at tillering and flowering. Recovery to the
N level of the control was, however, possible when WL was introduced at tillering, and the development stage therefore had no impact on the yield and N status of the grains at maturity. The
duration of the WL treatments had no influence on the yield at maturity for WL durations up to
10 days. However, plants exposed to 15 days of WL had grain yields, which were 15% smaller than
for plants exposed to 10 days of WL, indicating that the grain yield penalty depended on the duration of the WL event. Similarly, the concentrations and uptake of Ca and Mn increased with the
duration of the WL event rather than being affected by the development stage. In summary, this
study suggests that the duration of WL determines the severity of yield losses and nutrient uptake,
while the development stage controls the immediate shoot response to WL.
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