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Abstract (German) 

Brokkoli (Brassica oleracea var. italica) besitzt nach der Ernte nur eine geringe 

Haltbarkeit. Das Ziel der vorliegenden Arbeit war es, eine Vorhersage der Haltbarkeit von 

Brokkoli zum baldmöglichsten Zeitpunkt nach der Ernte zu erreichen. 

Hierfür wurde zum einen untersucht, inwiefern sich nicht-destruktive, optische 

Messungen für eine Haltbarkeitsvorhersage eignen. Die optischen Messungen gehörten 

teilweise zu gängigen Methoden der Qualitätsbeurteilung in der wissenschaftlichen 

Analytik (Farbbestimmung, Chlorophyllfluoreszenzanalyse). Zusätzlich wurden auch 

Auswerteverfahren von Messungen diffuser Reflexion angewandt, die sowohl als 

punktuelle Messung als auch in Form von Hyperspektralbildern durchgeführt wurden. Als 

weitere mögliche Indikatoren für die Haltbarkeitsvorhersage nach der Ernte wurde der 

generative Zustand von Brokkoli mittels Messungen von Knospendurchmessern in 

mikroskopischen Aufnahmen sowie von Durchmessern ganzer Köpfe bestimmt. 

Außerdem wurden die Konzentrationen von Chlorophyll a und b, von dessen grünen 

Abbauprodukten Chlorophyllid a (Chlide), Pheophytin a (Pheoin), Pheophorbid a 

(Pheoide) sowie von den Carotinoiden ß-Carotin (ß-Car), Lutein (Lut), Neoxanthin (Nx) 

und Violaxanthin (Vx) in den Blütenknospen bestimmt. Der Hintergrund hierfür war die 

Prüfung einer Indikatorfunktion von Chlorophyllabbauprodukten für die weitere 

Haltbarkeit von Brokkoli sowie die Untersuchung des qualitätsmindernden Farbwechsels.  

Des Weiteren wurde die Bedeutung von Einflüssen während des Anbaus auf die 

Haltbarkeit von Brokkoli untersucht. Hierfür wurden verschiedene Pflanzenabdeckungen 

eingesetzt, die die Quantität und Qualität der eingestrahlten Globalstrahlung veränderten. 

Zusätzlich wurden die Düngegaben in einem Anbausatz gezielt variiert. Basierend auf 

Abfragen in einer erstellten Klimadatenbank wurde der Einfluss klimatischer Ereignisse 

während verschiedener Wachstumsphasen auf die Haltbarkeit eruiert. 

Sensibel gegenüber Veränderungen von Brokkoli während der Lagerung zeigten sich die 

photosynthetische Leistungsfähigkeit der Brokkoliköpfe (Fv/Fm, ΦPSII), der CIELAB-

Skalenwert der blau-gelben Farbwahrnehmung (b*) sowie der Wendepunkt des 

Reflektionsspektrums im Übergangsbereich von sichtbarer dunkelroter zu infraroter 

elektromagnetischer Strahlung (REIP). Allerdings war auf der Basis der Sensibilität der 

Parameter keine Vorhersage des schlussendlichen Werteniveaus nach vier Tagen 

Lagerung bei 16 °C und hoher relativer Luftfeuchte (RH) (~ 95 %) möglich. 

Qualitätsindices, die sich ab dem gleichen Lagertag in verschiedenen Erntesätzen 

veränderten, zeigten nach vier Tagen wiederum eine unterschiedliche Höhe. Zudem 

spiegelte die Höhe der Werte der photosynthetischen Leistungsfähigkeit (Fv/Fm, ΦPSII) 

die Qualität der verschiedenen Erntesätze im Vergleich nur unzureichend wider.  

Unterschiede innerhalb von Brokkoliköpfen waren mithilfe von Euklidischen Distanzen in 

Hyperspektraldaten frühzeitig detektierbar und konnten durch den Einsatz von drei 

Wellenlängen im sichtbaren Bereich als RGB-Bild dargestellt werden. Obwohl die 

Unterschiede in den Bilddaten erkennbar auf der konsekutiven Seneszenz der einzelnen 

Blütenknospen beruhten, stellten deren Durchmesser keine Indikatoren für die weitere 
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Haltbarkeit dar. Dagegen waren die Durchmesser ganzer Brokkoliköpfe innerhalb 

einzelner Erntesätze für die Haltbarkeit ausschlaggebend. 

Das Gelbwerden der Brokkoli beruhte auf dem Abbau von Chlorophyll, das die 

vorhandenen Carotinoide demaskierte. Es kam zu keiner Anreicherung von 

Chlorophyllabbauprodukten während der Lagerung, allerdings war ein Erntesatz mit sehr 

guter Haltbarkeit durch einen starken und kontinuierlichen Anstieg des Chlorophyll a/b 

Verhältnisses gekennzeichnet.  

Unterschiedliche N-Düngegaben korrespondierten sowohl mit dem Helligkeitswert L* des 

CIELAB Farbraums (R² = 0,70) als auch mit dem Vegetationsindex NDVI (R² = 0,73) von 

Brokkoliköpfen nach der Ernte. Dies stand jedoch nicht im Zusammenhang mit der 

weiteren Haltbarkeit. Während des Anbaus hatten sowohl eine temporäre Einschränkung 

der Lichtqualität durch Abdeckung mit lichtselektiven Folien (λ = 400-500 nm) als auch 

eine erhöhte Anzahl von Stunden mit starker Sonneneinstrahlung (> 600 W m-2) negative 

Auswirkungen auf die Haltbarkeit (R² = 0,47). Teilweise korrespondierten hohe 

Einstrahlungswerte mit Temperaturen über 25 °C (R² = 0,29). Maßgebliche 

Auswirkungen auf die Haltbarkeit von Brokkoli zeigte die Wasserverfügbarkeit in den 

letzten zwei Wochen vor der Ernte (R² = 0,71). 

Die Vorhersage der Haltbarkeit von Brokkoli kann daher mit hoher Wahrscheinlichkeit auf 

der Basis von Einflüssen aus dem Anbau durchgeführt werden. Zur schnellen nicht-

destruktiven Beurteilung des aktuellen Qualitätszustandes eigneten sich insbesondere 

der Parameter b* sowie der spektrale Index REIP. Mithilfe geeigneter Monitoringsysteme 

während des Anbaus (Datenbank aus Klima- und Kulturdaten) und während der 

Lagerung (reflektionsbasierte Handgeräte) ist daher mit einer besseren Bestimmung 

sowie Vorhersage der Haltbarkeit zu rechnen.  
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Abstract 

Broccoli (Brassica oleracea var. italica) is a highly perishable crop. The aim of the work 

presented here is to find ways to predict storability of broccoli shortly after harvest. 

Several methods are examined regarding their suitability for predicting broccoli storability. 

The non-destructive, optical measuring devices used in this work represent some of the 

common methods used for scientific quality assessment (color determination, chlorophyll 

fluorescence analysis). In addition, spectral data from diffuse reflection measurements, 

from both spot measurements and hyperspectral images, was evaluated. The generative 

development of broccoli curds was studied using diameters both of single buds and of 

whole curds, and was related to subsequent storability.  

The concentrations of the chlorophylls a and b, green chlorophyll catabolites 

chlorophyllide a (Chlide), pheophytin a (Pheoin), pheophorbide a (Pheoide) and 

carotenoids ß-carotene (ß-Car), lutein (Lut), neoxanthin (Nx) and violaxanthin (Vx) were 

determined in floral buds of broccoli through the use of high pressure liquid 

chromatography (HPLC). The goal was to determine if chlorophyll catabolites may 

function as indicators of broccoli storability and, furthermore, to relate the concentrations 

of photosynthetic pigments to the color change of broccoli during storage.  

In order to investigate effects from the field on the subsequent storability of broccoli, 

cultivation methods were altered. Plants were partly covered with covers of different 

materials, which affected the quantity and quality of incident global radiation. The 

application of fertilizers was specifically varied in one broccoli batch. Additionally, the 

influence of climatic events on the shelf life of broccoli was analyzed by querying an 

established database. 

The non-destructive indexes that proved to be most sensitive to changes during storage 

were the levels of photosynthetic efficiency (Fv/Fm, ΦPSII), the CIELAB color space 

coordinate on a blue to yellow scale (b*) and the inflection point of reflection spectra in 

the transition region from dark red to infrared electromagnetic wavelength range (REIP). 

However, based on parameter sensitivity, the prediction of value levels after four days of 

storage at 16 °C and high relative humidity (RH) (~ 95 %) was unfeasible. Quality indexes 

that changed on the same storage day did not necessarily end up at the same value level. 

Additionally, values of both Fv/Fm and ΦPSII did not adequately reflect the quality status 

of broccoli when different harvest batches were compared.  

In hyperspectral images, early quality changes were effectively rated based on Euclidean 

distances within broccoli curds and were displayed using reflection intensities at three 

wavelengths within the visible electromagnetic spectrum as RGB channels. The observed 

variation within broccoli curds was related to differences in the degree of senescence of 

single floral buds. However, the diameters of floral buds did not correspond to a rating of 

storability. In contrast, curd diameters within individual harvest batches were related to 

subsequent yellowing. 
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The yellowing of broccoli was based on the decomposition of chlorophyll, which 

unmasked the carotenoids present. No accumulation of chlorophyll catabolites was found 

during storage. A trend towards rapidly increasing chlorophyll a/b ratios was observed in 

a broccoli batch with particularly high storability.  

Different N-fertilization of broccoli curds closely corresponded both with values of initial 

lightness L* of the CIELAB color space (R² = 0.70) and normalized difference vegetation 

index NDVI (R² = 0.73). Yet, N-fertilization had no impact on further storability. A negative 

impact on storability was observed when the spectrum of incident radiation on the field 

was temporarily reduced by using plastic covers with limited transmittance (λ = 400-500 

nm). In a similar way, an increased number of hours with high solar radiation intensity (> 

600 W m-2) during cultivation had a negative impact on broccoli storability (R² = 0.47). 

The impact of high irradiation partly corresponded with temperatures higher than 25 °C 

(R² = 0.29). A strong predetermination of curd storability was observed based on the 

water availability for broccoli plants in the last two weeks before harvest (R² = 0.71). 

A successful prediction of broccoli storability is therefore most likely to be conducted by 

looking at effects during cultivation. For early non-destructive evaluation of the current 

quality status of broccoli, both the parameter b* and the spectral index REIP were highly 

suitable. Therefore, through the help of monitoring systems throughout cultivation 

(database of climate and cultivation incidents) in combination with reflection-based, hand-

held devices during storage, the prediction and rating of broccoli storability can certainly 

be improved.
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1. Problem statement 

Broccoli (Brassica oleracea var. italica) production has been expanding since the 20th 

century worldwide, with China and India as the largest producers (Fig. 1). As broccoli is 

known to be a highly perishable commodity, numerous postharvest treatments for the 

maintenance of postharvest quality have been proposed in horticultural science. Lately, 

the use of 1-MCP, controlled atmosphere storage and illumination with light of different 

wavelengths postharvest have been highly promoted (Büchert et al. 2011b; Zhan et al. 

2012; Fernández-León et al. 2013b; Jin et al. 2015). Nevertheless, market prices for 

broccoli, although they fluctuate over the season, are generally low (Hormes 2008; Atallah 

& Gomez 2013). Consequently, producer investments in elaborate postharvest 

equipment do not necessarily pay for themselves. Most likely, postharvest treatments 

which have been proved to be effective for many years - rapid cooling after harvest, 

optimized storage conditions near 0 °C as well as high RH and, if possible, modified CO2 

and O2 (Klieber & Wills 1991) will still remain the most practicable effective treatments in 

postharvest management.  

 

Fig. 1: World production of cauliflower and broccoli (tonnes) (FAOSTAT 2014). 

However, producers notice a considerable variation in the shelf life of broccoli within and 

between batches that is not explained by different handling or storage conditions (Pink et 

al. 2000; Wurr et al. 2002; Pliakoni et al. 2015). Because of this variation, calculating the 

maximum storage days for freshly harvested broccoli batches is rarely possible. If shelf 

life duration was predictable at an early stage of the value chain, preferably at harvest, 

producers would have more opportunities to control storage capacities and to defer 

certain harvest batches when market prices are low. Alternatively, they could also pass 

this advantage on to the market and possibly achieve higher product prices. In both 

cases, the position of broccoli growers in the market would be strengthened and storage 

capacities could be managed in a more rational way. 
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2. Hypotheses and objectives 

The present work was conducted in the framework of a joint research project dealing with 

the scheduling of Brassica production, taking into account the whole value chain 

(Herppich et al. 2013). The focus in this part was on postharvest scheduling strategies, 

where the objective was to find possibilities for shelf life prediction as early as possible 

after harvest. The aim was to enable producers to anticipate the quality and storability of 

broccoli batches and thus give them more flexibility and market power.  

One possibility to monitor product quality during storage is the output of knowledge-

driven, non-destructive devices. In research, color measurements based on reflection 

have been widely used for the monitoring of as well as for the creation of prediction 

models of broccoli quality in storage. They have been conducted in almost every 

publication dealing with broccoli in recent years, evaluating cultivation influences 

(Zaicovski et al. 2008; Cogo et al. 2011; Hasperué et al. 2011; Hasperué et al. 2014), the 

suitability of various varieties (Farnham & Björkman 2011; Fernandez-Leon et al. 2012) 

as well as the effectiveness of postharvest treatments (Aiamla-or et al. 2010; Gómez-

Lobato et al. 2012c; Fernández-León et al. 2013a; Jin et al. 2015). Additionally, 

chlorophyll fluorescence has proved to provide valuable information about the quality 

characteristics of the broccoli curd. If the output from any knowledge-driven, non-

destructive device indicated a certain storage quality prior to visual perception, growers 

might use those data to make their decision about keeping or selling specific batches. In 

this sense, an evaluation of optical measuring techniques with regard to information that 

growers might obtain from them is needed. 

Optical methods applied to the broccoli curd are based on its chlorophyll content and its 

ability to conduct photosynthesis, as it is a green floral part of the plant. Visible quality 

loss in broccoli is therefore inseparable from the degradation of chlorophyll, especially in 

the sepals which cover the buds. Recently, pathways of chlorophyll catabolism have 

garnered significant attention. There has been, on the one hand, an interest in substantial 

knowledge regarding possible pathway patterns and the enzymes involved in chlorophyll 

degradation (Büchert et al. 2011a; Saga & Tamiaki 2012; Hörtensteiner 2013). On the 

other hand, gene expression and chlorophyll degrading enzymes have already been used 

to demonstrate effects of postharvest treatments on broccoli (Büchert et al. 2011b; 

Aiamla-or et al. 2012). However, it remains unclear if actual levels of early stage 

chlorophyll catabolites might indicate the postharvest quality of broccoli. If so, they could 

be used to predict the shelf life of broccoli and potentially other green vegetables as well. 

Last but not least, factors determining broccoli quality during its cultivation on the field are 

of substantial interest to the grower. In comparison to postharvest treatments, climate and 

cultivation factors have been studied to a much lesser extent. This might be due to the 

high work load incurred when both factors of cultivation as well as postharvest 

measurements are examined. However, it is the cultivation factors that are expected to 

have the most significant influence on vegetable quality (Weston & Barth 1997). In 

experiments with field-grown broccoli, the results are often influenced to a greater extent 
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by weather conditions than by the trial design itself (Toivonen et al. 1994; Leja et al. 2002). 

It is presumed that the impact of weather conditions on vegetable production may 

increase in the future, affecting postharvest quality as well (Moretti et al. 2010). 

Consequently, knowledge regarding environmental factors influencing quality is of 

eminent importance. Effective strategies are needed to evaluate climate influences on 

broccoli quality and storability, and to transfer those principles into cultivation practice. 

In summary, the present work purses the following objectives in order to attend to the 

challenges of postharvest scheduling in broccoli production: 

• Identification of a quality rating method that can give clear evidence regarding the 

(further) storability of broccoli 

• Rating of the relative influence of pre-harvest conditions on the post-harvest life 

of broccoli 

• Identification of the early senescence indicators in curd development and the 

chlorophyll catabolism of broccoli curds 

The following chapter contains a review of all relevant approaches in the addressed fields. 

In the first subchapter, the major environmental influences during the whole life cycle of 

the broccoli plant and its edible curd are introduced. The development of the broccoli curd 

and the role curd maturity plays in the predetermination of storability is referred to. Next, 

the reported possibilities for the measurement and prediction of broccoli storability are 

reviewed. The last part of the literature overview deals with chlorophyll degradation 

processes in broccoli. 
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3. Literature review 

3.1. Broccoli quality as a function of physiology 

The growth, development and quality of broccoli plants naturally depend on the 

environment during cultivation, from seeding or transplanting to floral initiation and finally 

to the growth of the floral organ, the broccoli curd. After harvest, many physiological 

processes take place, such as an increase in respiratory rate, ethylene production and 

sensitivity, as well as losses in chlorophylls, sugars, organic acids, and proteins (King & 

Morris 1994a; King & Morris 1994b; Tian et al. 1995; Zaicovski et al. 2008).  

In relation to storage, the involvement of many genes has been discussed, among them 

BoCLH1 (Chen et al. 2008a) and BoPPH , BoPaO and BoLOX1 (Gómez-Lobato et al. 

2012a, b; Gómez-Lobato et al. 2012c; Hasperué et al. 2013). A detailed overview of 

possible candidates is presented in Chen et al. (2008b). Differences in shelf life in terms 

of chlorophyll loss have been observed among cultivars (Toivonen & Sweeney 1998), 

which is a clear indicator of genetic determination. In order to analyze the expression of 

different genes and their possible connection to storability under varying radiation and 

temperature regime, further research is needed. 

In the following subchapters, the most important influences on broccoli production and 

storage are reviewed in relation to their impact on quality and storability. 

3.1.1. Temperature 

Regarding studies on the influence of preharvest factors on broccoli, temperature is the 

most frequently regarded factor. The developmental stages in which broccoli plants are 

exposed to certain temperatures are of great importance. It has been known for a long 

time that broccoli floral development is mainly dependent on temperature and is probably 

inhibited by temperatures above 22 °C (Gauss & Taylor 1969). Many examinations 

concerning temperature influences on the growth and development rate were conducted 

by numerous authors during the 1980’s and 90’s in order to predict head maturity stage 

and the exact temperatures leading to different development stages (for a detailed 

overview, see Tan 1999). The aim was to control broccoli production towards predictable 

harvest dates, which is one of the most relevant agronomic factors (Dixon 2007; p.107). 

This issue is still of concern in more recent research (Kałużewicz et al. 2012; Lindemann-

Zutz et al. 2016). 

The most obvious proof for the considerable influence of temperature on development of 

Brassica oleracea species is revealed in the investigations of Labate et al. (2006), 

followed by Duclos and Björkman (2008). In order to identify genes responsible for the 

required cessation of generative development, a B.oleracea F1 hybrid cultivar ‘Green 

Harmony’ with a great range of phenotypic variation was grown under different day/night 

temperature regimes. The growth type changed significantly towards a cauliflower-like 

instead of a broccoli-like appearance when the temperature level was rising (Fig. 2). In 
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conclusion, moderate temperatures may allow floral development to proceed further than 

it would at warm temperatures, as cauliflower floral development already ceases at the 

meristem stage (Carr & Irish 1997). It has been observed, however, that different 

temperatures during the vernalization phase regularly cause different phenotypic 

disorders in cauliflower (Fujime & Okuda 1996). In this sense, phenotypic variability can 

be interpreted as mild form of riceyness and bractiness as in Fig. 2, B and C, respectively 

(Hasan 2014, personal communication). 

 

Fig. 2: Brassica oleracea cv. ‘Green Harmony’ F1 grown under three different day/night 
temperature regimes during reproductive development. (A) At 16 °C/12 °C (B) At 

22  °C/17  °C (C) At 28 °C/22 °C (taken from Duclos & Björkman 2008). 

When broccoli plants are exposed to heat (35 °C) during the early generative state, the 

development of single buds is inhibited, so that symptoms like non-uniform bud and head 

surface shape, as well as puffy or enlarged sepals appear (Björkman & Pearson 1998). 

According to Heather et al. (1992) broccoli is in its most sensitive stage when heads 

measure 5-10 mm in diameter, which corresponds to the time around 3 weeks before 

harvest, depending on the cultivar. Björkman and Pearson (1998) investigated this 

phenomenon in more detail, assuming that the detrimental effect of heat is highest at the 

very beginning of reproductive development when the meristems measure about 0.3 mm. 

The effect decreased with advancing development stages and increased with the length 

of heat exposure. In contrast, a negative correlation was shown between the physiological 

disorder of broccoli called brown bead and the average maximum temperature during the 

first week following button stage, when curds measured 2.5 cm (Jenni et al. 2001). Fujime 

and Okuda (1996) also studied quality attributes related to flower development in broccoli 

and cauliflower, but only the latter were subject to investigations of temperature 

influences, resulting in fuzzy or ricy curds. Similarly, a model of temperature regimes in 

combination with susceptible curd diameter stages explained 66 and 71 percent of the 

variation in the bracting and riciness of cauliflower, respectively (Grevsen et al. 2003). 

The head color of the broccoli cultivar ‘Southern comet’ became unacceptable if the 

average minimum temperatures of the growing season exceeds 17 °C and the 

acceptability of ‘Citation’ head color and compactness decreases with increasing mean 

maximum temperatures (Dufault 1996). According to Kałużewicz et al. (2009) the number 

of hours during cultivation when temperatures exceed 20 °C is directly related to lower 

yields and, when they occur in the harvest phase, the number of hours contributes to the 
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loosening of heads. Temperatures of 5-15 °C during the harvest period led to the 

maximum number of marketable curds (Kałużewicz et al. 2009). 

These investigations concentrated solely on the rating of quality at harvest, but did not 

consider the shelf life aspects of broccoli. The only investigations concerned with 

preharvest temperature influences on the postharvest quality of broccoli were part of the 

project “Long Life Broccoli”, in which results indicated that bud yellowing after harvest is 

accelerated by higher temperatures 7 days prior to broccoli maturity (Anonymous 2001).  

The studies in publications dealing with temperature effects on shelf life began their 

measurements on the day of harvest without taking preharvest factors into consideration: 

A three-hour delay in cooling after harvest has been observed to cause significant losses 

in market life of fresh ‘Green Duke’ broccoli, which was indicated by a decrease in hue 

angle on day 3 and a much lighter color on day 7 of storage compared to broccoli top iced 

within 0.5 h after harvest (Brennan & Shewfelt 1989). Similarly, Forney and Rij (1991) 

conclude that broccoli that are kept cool (iced after harvest and kept at 3 °C from then 

on) have better ratings of color, turgidity and general appearance after seven days of 

storage than broccoli stored at 20 °C overnight after harvest before being cooled.   

During storage, higher temperatures have a detrimental effect on broccoli quality, 

resulting in higher respiration, decomposition of the chloroplast membrane and the 

subsequent loss of green color (King & Morris 1994a; King & Morris 1994b). 

Investigations of temperature influences on the yellowing of broccoli purchased at a local 

market showed complete color retention during 30 days when the broccoli was stored at 

0 °C, while yellowing was observed within 6 days when broccoli was stored at 10 °C, 

following an Arrhenius-type function (Ren et al. 2006). In the model of Schouten et al. 

(2009), effects of temperature on color changes during the storage of freshly harvested 

broccoli were investigated in relation to different gas atmospheres. Color behavior in the 

5 °C storage did not differ much over 20 days of storage, but broccoli stored at 18 °C 

yellowed rapidly during 10 days of storage, likewise following an Arrhenius-type function. 

Storage of freshly harvested broccoli at different temperatures from 0 °C to 20 °C showed 

a range of 2 to more than 35 days before yellowing began, emphasizing the importance 

of storage temperature influence on shelf life (Cantwell & Kasmire 2002). The longest 

storage life was reported by Klieber and Wills (1991): ‘Shogun’ broccoli was stored for 8 

weeks at 0 °C without showing any color changes, though its marketability was critically 

reduced then because of rotting. 

In contrast to the degradation of broccoli stored at higher temperatures, the temporary 

application of hot water and even hot air treatments over a certain period of time has been 

found to have positive effects on shelf life. Tian et al. (1996) observed that a range of 

different durations and temperatures of hot water treatment all reduced hue angle 

decrease during storage. Some applications, for instance the combination of 7.5 min at 

47 °C or 10 sec at 55 °C, did not show any heat damage in terms of water soaking and 

subsequent tissue infections. Even without water, higher temperatures may have 

beneficial effects on storability: Hot air treatment (45 °C - 50 °C) of harvested broccoli at 
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different time intervals caused higher levels of chlorophylls during storage at 15 and 

20 °C, respectively (Funamoto et al. 2002; Costa et al. 2005b). This phenomenon, a great 

contrast to the widely approved cold storage conditions, is explained by the reduced 

activity of the chlorophyll degrading enzymes chlorophyllase and peroxidase (Funamoto 

et al. 2002). 

3.1.2. Water 

Water plays a major role in broccoli production. A 14 % reduction in watering may lead to 

a 20 % reduction in broccoli yield (El-Shikha et al. 2007). Concerning growth parameters, 

more available water enhances germination rates of direct-seeded broccoli, but also 

reduces the subsequent growth of broccoli seedlings (Li et al. 2011). Broccoli plant water 

holding (g/plant) shows significant correlations to the uptake and amount of nitrogen as 

well as to head yield (Li et al. 2011). Consequently, head weights, diameter and stem 

turgor are reduced when water stress is applied during the growing phase (Wurr et al. 

2002). In contrast, stem turgor is sustained to a significant extent during storage when 

water stress is only applied prior to harvest (Wurr et al. 2002). 

A few reports suggest that the low water availability of broccoli plants during growth has 

a positive effect on broccoli shelf life in terms of color preservation (Wurr et al. 2002; 

Zaicovski et al. 2008; Cogo et al. 2011). Concerning the effective date of this 

phenomenon, the authors’ ratings differ: On the one hand, high water stress with a water 

soil pressure of 0.4 MPa1 during the whole cultivation period has an overall positive effect 

on green color retention (Zaicovski et al. 2008; Cogo et al. 2011). Similar observations 

have been made when water stress (as compost water potential of –0.2 to –0.6 MPa) was 

applied at the end of cultivation, 60 to 75 days after planting (Wurr et al. 2002). On the 

other hand, water stress during earlier periods of cultivation has been found to have a 

negative influence on shelf life: time from harvest to unacceptable color is decreased 

when similar stress levels are induced two and three weeks following head initiation (Wurr 

et al. 2002). In contrast, irrigated broccoli has been observed to have a higher greenness 

level at harvest in terms of –a* values, compared to non-irrigated broccoli (Babik & Elkner 

2000). 

Zaicovski et al. (2008) associate the described effect of color retention in broccoli grown 

under water stress with higher amounts of the cytokinins zeatin and zeatinribose. 

Cytokinins are known to play a crucial role in broccoli shelf life, preserving color and 

chlorophyll content (Shewfelt et al. 1983; Costa et al. 2005a). 

Occurrence of brown bead is negatively correlated with the sum of rainfall and irrigation 

from button stage (2.5 mm) to maturity which might indicate that the phenomenon is 

caused more by drought than by water excess (Jenni et al. 2001). 

                                            
1 It is assumed that absolute amounts are used by the authors instead of negative numbers (supplementary 
note) 
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There are conflicting reports about the relation of water stress and glucosinolate contents 

in broccoli, a compound group at the focus of numerous investigations predominantly 

because of its considerable health benefits, but also its potential risks, which are the 

subject of discussion recently (Latté et al. 2011; Manchali et al. 2012). Vallejo et al. (2003) 

report that glucosinolate contents of eight broccoli cultivars grown in Murcia, Spain, from 

April to July were significantly higher than contents in early spring, which was explained 

by the very low amounts of precipitation (5.4 mm) in the later season. On the other hand, 

Robbins et al. (2005) report that water stress (80 % compared to 100 % of 

evapotranspiration losses) reduced glucosinolate levels as well as phenolic compounds 

in ‘Majestic’ and ‘Legacy’ broccoli. Investigations of glucosinolate induction in broccoli 

following three water treatments show neither differences in subsequent herbivory nor in 

enhanced glucosinolate levels when plants were grown under well watered and water-

logged conditions, respectively (Khan et al. 2010, 2011). Fortier et al. (2010) report that 

the absence of irrigation increases concentrations of polyphenolics in broccoli. 

After harvest, the loss of water proceeds very fast. Water losses of horticultural products 

generally depend on the amount of water vapor in the surrounding atmosphere. 

Differences in water vapor pressure between the interior of stored fruits or vegetables 

and the surrounding atmosphere can be used to estimate the movement of water between 

the product and its environment (Kays 1991, p.432). In harvested broccoli, there is usually 

no replacement of water through uptake, even though some researchers have promoted 

the uptake of water from cups during experimentation (Büchert et al. 2011c). As a result 

of water loss, the whole broccoli curd shrinks, with flower buds being the most sensitive 

parts (Fig. 3). It is assumed that proteolysis is one of the major processes during broccoli 

senescence and that the expression of protease genes can therefore indicate the current 

senescence status (Coupe et al. 2003). Because of the expression of dehydration-

responsive cysteine proteases, quality losses during postharvest are possibly triggered 

by water stress (Coupe et al. 2003). 

Investigations from Klieber and Wills (1991) conclude that small differences in RH during 

storage can have a great effect on shelf life: The shelf life of ‘Shogun’ broccoli stored at 

0 °C and 100 % RH was twice as long (8 weeks) then that stored in 97 % or 94 % RH. 

The limiting factor in this case was seen in wilting or shriveling, following the quality rating 

scale of Wang (1979, see also chapter 3.2). 
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Fig. 3: Water loss of harvested broccoli held in air at 20 °C after 2 hours (left) and 26 hours 
(right), respectively. Magnetic resonance images showing signals related to the intensity 
of the water activity (taken from Coupe et al. 2003). 

In order to prevent the loss of water, broccoli is in general wrapped with different 

packaging material. Thus, the water vapor inside the package is increased, which reduces 

the water vapor deficit. As a result of accelerated respiration, the composition of 

atmospheric gases is modified towards higher CO2 and lower O2 contents (Zhuang et al. 

1994; Serrano et al. 2006). It is difficult to rate the effect of water loss on broccoli 

independent of the impact of modified atmosphere since, in most cases, increased RH is 

achieved through wrapping of the curds. Combinations of different temperature levels and 

modified atmosphere treatments can lead to variation in color changes (Ren et al. 2006). 

In examination of Ren et al. (2006), unpacked broccoli retained its green color for a longer 

period then packed broccoli at both 0 °C and 5 °C, while packaging proved to be favorable 

at the 10 °C level. In contrast, Serrano et al. (2006) observed that unwrapped broccoli 

curds lost weight, green color and phenolic compounds more quickly compared to 

broccoli wrapped with different materials during storage at 1 °C and 90 % RH. 

However, it is not clear if water loss and bud yellowing are related in the sense that they 

occur as a result of the same physiological process. Some investigations indicate the 

opposite, as results show variation in weight loss and yellowing. Toivonen and Sweeney 

(1998) report that differences in the chlorophyll content retention of different cultivars were 

not necessarily related to differences in water loss. The chlorophyll content of the cultivar 

‘Greenbelt’ remained stable over 4 days at 13 °C, whereas the higher chlorophyll content 

of ‘Emperor’ declined during storage. 

3.1.3. Radiation 

Radiation and daylength have been considered in several studies related to the 

vernalization requirements of broccoli. Floral development is accelerated by a longer 

photoperiod at two different temperatures (17 °C and 19 °C), depending on cultivar 

(Fujime et al. 1988). Similarly, vernalization as the time from sowing to button stage 

(10 mm) was accelerated by increasing the photoperiod, which has been interpreted as 

a response to the higher energy amounts received, rather than to a photoperiodic effect 
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(Gauss & Taylor 1969). As part of a model for the maturity prediction of broccoli, solar 

radiation accounts for nearly 18 percent of the variation of total growth duration, while 

temperature as the main influencing factor explains nearly 75 % (Marshall & Thompson 

1987). Considering of the sum of solar radiation improved the prediction model from 

Grevsen (1998) as well, although the improvement in this case is similar to the addition 

of the effect of the planting month, which can be much more easily achieved. In the work 

of Tan (2000), the influence of solar radiation on vernalization is seen to be negligible, 

accounting only for 2 to 6 percent of the variation over the time of plant emergence to 

floral initiation and showing no trend in earlier floral initiation.  

According to Francescangeli et al. (2007), when broccoli is grown under shade, the 

growth cycle is extended up to 15 days. Cultivation time is therefore more sensitive to 

shade than the parameter spear yield, which was only reduced when 70 % shade was 

applied to the plants (Francescangeli et al. 2007). 

Solar radiation is responsible for the accumulation of several secondary plant metabolites 

in broccoli. The concentration of flavonols in broccoli has been found to be dependent on 

the sum of solar radiation within the growing phase (Gliszczyńska-Świgło et al. 2007). 

Higher concentrations of chlorophyll and phenolic compounds, as well as a higher activity 

of peroxidase and catalase, were found in broccoli grown in spring compared to autumn 

in Krakow, Poland (Leja et al. 2002). The number of sunny days and the intensity of 

photosynthetic radiation were much higher in spring than in autumn and have therefore 

been identified as the main influencing factors (Leja et al. 2002). In contrast, no effect of 

radiation intensity during growth has been found on chlorophyll and carotenoids (Lut, ß-

Car) by Schonhof et al. (2007). 

Similar to other crops, broccoli experiences a circadian rhythm during growth, leading to 

an accumulation of carbohydrate reserves during the day. After harvest, losses of sugars 

normally appear within the first 6 hours (King & Morris 1994a). In order to compensate for 

these losses, harvest at the end of the day has been suggested: It has been reported that 

harvest at 6 p.m. results in a better shelf life in terms of color, sugar and chlorophyll 

contents compared to morning and midday harvest (Hasperué et al. 2011; Hasperué et 

al. 2014). Even after harvest, cabbage crops are able to establish a circadian rhythm 

when irradiated with visible light at regular intervals. This diurnal training leads to 

enhanced plant defense mechanisms through a higher production of glucosinolates 

(Goodspeed et al. 2013). Broccoli curds from a local producer that were stored under 

continuous white light (12 μmol m-² s-1) at 22 °C showed a significantly better color 

retention and higher chlorophyll contents as well as higher contents of sugar and protein 

from day 3 onwards compared to curds stored in the dark (Büchert et al. 2011b; Büchert 

et al. 2011c). 

Supplementary UV-radiation during vegetative growth led to an increase in ascorbic acid, 

phenolic and flavonoid contents according to Topcu et al. (2015). In addition, UV radiation 

during growth led to an increase in L* and C* values after 60 days of storage at 0 °C and 

modified atmosphere (Topcu et al. 2015). Treatments of broccoli with UV radiation during 
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postharvest result in a significantly enhanced shelf life (Costa et al. 2006a; Aiamla-or et 

al. 2010; Büchert et al. 2011b; Martinez-Hernandez et al. 2011). It is assumed that UV B 

radiation prevents chlorophyll degradation by suppressing the activities of chlorophyll 

degrading enzymes and possibly by increasing antioxidative enzyme activities (Aiamla-

or et al. 2010). The findings of Büchert et al. (2011b) indicate that only the enzyme 

pheophytinase is affected by light treatments, while the degradation of chlorophyll a 

through chlorophyllase is not involved.  

3.1.4. Fertilization 

Brassica crops are generally known to be high nutrient-demanding plants, so great 

amounts of nitrogen fertilizer are needed to produce high broccoli yields (Zebarth et al. 

1995; Yoldas et al. 2008). Broccoli curds have been reported to increase in diameter and 

weight up to a certain level through increased applications of nitrogen fertilizer, depending 

on the harvest batch (Toivonen et al. 1994). Additionally, the number of leaves per plant 

increases and both higher fresh and dry weights are achieved through higher nitrogen 

fertilizer doses (Ouda & Mahadeen 2008). Li et al. (2011) report good correlations of 

higher nitrogen accumulation with both head yield (g/plant) and dry matter (g/plant). 

However, the diameter of broccoli curds was not affected by nitrogen accumulation (Li et 

al. 2011). Lisiewska and Kmiecik (1996) did not report higher dry weights of broccoli 

raised with 120 kg N ha-1 when compared to 80 kg N ha-1. Intercepted radiation of 

broccoli, which was calculated considering the leaf area index, increased by increasing 

the nitrogen application rate (Vagen et al. 2004). The above-ground plant parts of broccoli 

accumulate great amounts of nitrogen during cultivation, so tissue nitrogen at harvest is 

high (Zebarth et al. 1995; Thompson et al. 2002; Bakker et al. 2009b). 

High nitrogen rates have been associated with the occurrence of hollow stems, as well 

as with incidences of soft rot in broccoli (Hipp 1974; Fortier et al. 2010). Bakker et al. 

(2009a) report that increasing nitrogen rates improve floret color and decrease the 

number of misshaped heads on the one hand, but on the other hand support the incidence 

of hollow stem and head rot. Similar observations concerning color and hollow stems had 

already been made by Babik and Elkner (2000). There is, furthermore, strong evidence 

for boron deficiency playing an additional role in hollow stem disorder of broccoli (Shelp 

et al. 1992; Moniruzzaman et al. 2007). 

Apart from an influence on the general quality of the harvested broccoli curd, reports 

about effects on storability at different nitrogen fertilizer levels are rare. In the 

investigations of Toivonen et al. (1994), no differences were found in broccoli which had 

received 5 different levels of nitrogen fertilizer on the field and was then stored at 1 °C 

and high RH (>95 %) for 20 days. 

3.1.5. Generative development 

Broccoli represents one of the two subgroups (lat. varietas) of Brassica oleracea that form 

a large preinflorence, which is used for consumption. The curd is regarded as “an 
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intermediate stage in the development of the flowers and seed” (Dark 1938). The 

development itself has been graded in different ranks, ranging from 1 (not visible) to 7 

(flowering) with index 4 at optimum harvest maturity (Sørensen & Grevsen 1994). After 

the transition of the broccoli plant to the floral stage, the primordia produced by the apical 

meristem may form branches or flowers with a tendency towards more flower buds 

(Kieffer et al. 1998). Fujime and Okuda (1996) describe the phenomenon that during the 

late curd-forming stage, inflorescence primordia are newly initiated around the 1st-order 

inflorescence primordium. Branch primordia on broccoli are arranged in phyllotactic 

spirals following a (5, 8)-Fibonacci parastichy system (Fig. 4). At maturity, a single 

broccoli flower consists of 6 stamens, 4 sepals, 4 petals and one pistil (Carr & Irish 1997; 

Duclos & Björkman 2008). Finally, the surface of the marketable curd consists of a large 

number of flowers at bud stage with closed sepals. Fully closed buds are a required 

characteristic of broccoli sold as class I, while class II type of broccoli might have only 

“practically closed” floret buds (UNECE 2010). 

It has been assumed that the maturity of broccoli is, among other factors, determined  by  

the  size of the individual florets (Marshall & Thompson 1987). Bead size and uniformity 

have been used in to rate the sensitivity of broccoli varieties to heat: Björkman and 

Pearson (1998) conducted ratings of bud injury from the “terminal whorl inwards, following 

the phyllotactic spiral”. In their examinations, bud length generally decreased towards the 

center of a whorl, with severely heat injured curds having shorter buds (down to about 

0.8 mm) than uninjured curds (down to 2 mm). Farnham and Björkman (2011) measured 

broccoli buds with the help of a caliper on the intact curd. It is therefore to be assumed 

that they used bud diameter instead of bud length. The measured size was in the range 

of 1.34 to 1.98 mm, depending on the broccoli variety (Farnham & Björkman 2011). Buds 

of the broccoli cultivar ‘Monaco’ measured 1.72 mm in diameter on average (Kalisz et al. 

2014). The chilling of juvenile broccoli plants led to curds with a significantly greater bud 

diameter of 1.78 to 2.45 mm, depending on chilling temperature and duration (Kalisz et 

al. 2014). 

Tian et al. (1994) discovered a relationship between botanical maturity stages of broccoli 

flowers and their storability. When the stamens and pistil were removed from single 

flowers, the yellowing rate of sepals was reduced. Three days after harvest, the total 

chlorophyll content of sepals from intact flowers had decreased by 65 %, compared to a 

50 % reduction in flowers where pistil and stamens were removed. 
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Fig. 4: Transition of broccoli to the floral stage. Development of flower bud primordia (A + 
arrows in B) and arrangement of branch primordia following a phyllotactic spiral of 5 (left) 
and 8 (right) (B). Scanning electron micrographs, bar = 100 µm (taken from Kieffer et al. 
1998). 

Tian et al. (1995) determine the maturity stages of single broccoli flowers by grading 

pollen stages into three maturity groups. An accelerated rate of chlorophyll loss was noted 

in larger buds (separated from smaller ones with a sieve of 2 mm holes) when held in the 

air or when exposed to propylene. The larger buds most likely (63 %) contained mature 

pollen with pollen grains. From these findings it was concluded that yellowing of harvested 

broccoli curds is related to the development stage of the pollen and that the size of 

individual florets can be used as an index for floret maturity. Nevertheless, broccoli curds 

were covered with florets at various stages, 70 % of them being medium-sized florets 

which contained predominately immature pollen (Tian et al. 1995). 

In other examinations of broccoli, e.g. growth models, the trait used as a maturity indicator 

most often is curd diameter (Wurr et al. 1995; Mourao & Brito 2000; Leja et al. 2002; Zutz 

et al. 2013). Leja et al. (2002) report the highest chlorophyll concentrations in broccoli 

curds with diameters of 10 to 12 cm and the highest amounts of ethylene produced in 

curds at the pre-florescence stage (34 to 42 cm). It therefore appears obvious that 

broccoli curds are increasing in size while developing towards botanical maturity. 

Nevertheless, curds might also flower before reaching their maximum size when exposed 

to unfavorable conditions (Gauss & Taylor 1969; Heather et al. 1992). 

3.2. Determination and prediction of broccoli quality 

In order to rate the quality of broccoli curds by visual appearance, subjective scores are 

frequently used. The scale from Wang (1979) comprises a huge number of quality 

attributes, considering the appearance of freshness, generative development and decay. 

Dufault (1996) uses a scale containing the density, color, shape and leafiness of the 

broccoli curd, as well as its bead size, following the standards of the USDA (1977). The 

scales invented by Shewfelt (1993) which range from 1 to 5, addressing color, texture 

and odor, have also been used in more recent examinations (Olarte et al. 2009; Zhan et 

al. 2012). The scale used in Wurr et al. (2002) ranges from 0 to 3 for the attributes of 

color, turgor and bud characteristics. 
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Apart from the lack of comparability of the scores given in the different examinations, 

rating scores in general have the disadvantage of not being suitable for many kinds of 

statistical analysis, as they represent ordered categorical instead of metric data (Piepho 

& Kalka 2003). In addition, slight variations are impossible to express with the help of 

such scales, so that the potential for objective decision making is extremely limited. 

In the following subchapters, the determination of broccoli quality during storage is 

reviewed. The focus is laid on optical methods and on the retention of green color in 

general, including chlorophyll degradation processes. 

3.2.1. Reflection measurements 

Color measurements based on reflection have been applied in the rating of broccoli 

quality for more than three decades and are widely accepted in academic research 

nowadays. Shewfelt et al. (1983) were the first authors to use colorimetry for broccoli, but 

judged it to be less sensitive to color change than visual evaluation. By now, the fact that 

color measurements are fast and easy to conduct and have a high repetitious accuracy 

is agreed upon. They have been conducted in almost every publication dealing with 

broccoli in recent years to evaluate cultivation influences (Zaicovski et al. 2008; Cogo et 

al. 2011; Hasperué et al. 2011; Hasperué et al. 2014), suitability of varieties (Farnham & 

Björkman 2011; Fernandez-Leon et al. 2012) or effectiveness of postharvest treatments 

(Aiamla-or et al. 2010; Gómez-Lobato et al. 2012c; Fernández-León et al. 2013b; Jin et 

al. 2015).  

Color measurements are based on diffuse reflectance readings, either as spectral 

measurements when attained with a spectrophotometer, or as direct tristimulus values 

from simpler devices. For broccoli measurement, the color-spaces CIE 1976 (L*, a*, b*), 

abbreviated CIELAB, as well as the Hunter Lab are often applied. In order to demonstrate 

how reflection spectra are transformed to certain colors which are then assigned to 

objects, the basic calculation of the widely used CIELAB variables is briefly introduced 

here. 

3.2.1.1. Calculation of CIELAB values 

The basis of CIELAB color definition dates back to 1931, when data from color matching 

experiments performed with test panels was adopted by the Commission Internationale 

de l’Eclairage (CIE) in order to establish color matching functions (Ohta & Robertson 

2006a, p. 64). The results of the experiments were originally expressed as RGB color 

matching functions, later they were transformed in order to only result in positive values, 

as shown in Fig. 5. The original RGB color matching functions represent the amounts of 

the reference stimuli [R], [G] and [B], which are monochromatic lights of the wavelengths 

λR=700.0 nm, λG=546.1 nm, and λB=435.8 nm, respectively, needed to match 

monochromatic stimuli of the white color stimulus (Ohta & Robertson 2006a, p. 64). 

Finally, the CIELAB was invented in 1976 in order to obtain a color-space with higher 

uniformity of perceived lightness on the one hand and a certain independence of the 
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spectral distribution of the illuminant on the other hand (Ohta & Robertson 2006c, p. 127 

& 135). 

 

Fig. 5: Color matching functions of the CIE 1931 standard colorimetric observer (Minolta 
1996).  

Accordingly, a range of calculations has to be executed for the conversion of the actual 

measured spectral reflection into CIELAB. First, values of the tristimulus values X, Y and 

Z are calculated by the use of the above color matching functions as follows:  

𝑋 = 𝐾 ∫ 𝑅(𝜆)𝑃(𝜆)
780

380
𝑥(𝜆)𝑑(𝜆)  

𝑌 = 𝐾 ∫ 𝑅(𝜆)𝑃(𝜆)𝑦(𝜆)
780

380
𝑑(𝜆)        (1) 

𝑍 = 𝐾 ∫ 𝑅(𝜆)𝑃(𝜆)𝑧(𝜆)
780

380
𝑑(𝜆)       

where 𝑅(𝜆)  is the spectral reflectance of the reflecting object, 𝑃(𝜆) is the spectral 

distribution of the illuminating light and 𝑑(𝜆) is the interval of wavelength. The value 𝑌 is 

normalized to a value of 100 for a perfect reflecting object with the help of constant 𝐾: 

𝐾 =
100

∫ 𝑃(𝜆)𝑦(𝜆)
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     (2) 

Using those X, Y and Z values, the parameters of CIELAB are ultimately calculated as  
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with certain restrictions for small values (Ohta & Robertson 2006c, p. 130). Xn, Yn, and Zn 

are the tristimulus values of the reference white point, representing a perfect reflecting 

diffuser. Out of the values a* and b*, the hue angle (4) and chroma C* (5) of an object 

can be calculated (Minolta 1996). The hue angle is the parameter used most often in the 

ratings of broccoli color mentioned in this work. 
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In conclusion, it should be noted that the origin of CIELAB lays in the color-receptive 

perception of human rods and cones, and that a series of calculations is needed to 

transform the original reflectance spectrum into CIELAB values. 

3.2.1.2. Color modelling 

In broccoli colorimetry has not only been used as a simple quality evaluation system, but 

is also part of a number of prediction models. In general, careful monitoring of a biological 

process might be able to predict its further development, when applied to independent data. 

Therefore, the occurring processes are estimated with the help of a mathematical 

function, which is the principal step of biological modeling (Lentz 1998). For broccoli it is 

often assumed that color changes depend on time and rate constants, principally 

following Arrhenius’ law  

𝑘 = 𝑒−𝐸𝑎 /(𝑅𝑇)     (6)  

where 𝑘 is a reaction rate constant, 𝐸𝑎  is the activation energy, 𝑅 is the gas constant and 

𝑇 is (storage) time (Weemaes et al. 1999b; Tijskens et al. 2001; Ren et al. 2006; Schouten 

et al. 2009). 

The reported models in the literature have been very useful with regard to the comparison 

and evaluation of storage impacts at different temperatures and gas surroundings 

(Ishikawa & Hirata 2001; Ren et al. 2006; Schouten et al. 2009). The model used in 

Schouten et al. (2002) and (2009) characterizes color change as the sum of broccoli color 

without green pigments, plus initial amounts of chlorophyll and protochlorophyllide, each 

of them multiplied by factors containing kinetic parameters meant to describe the pigment 

constitution as well as its degradation. The reaction rate constants of the color change 

were calculated with the help of a reference constant kref, which was the previously 

identified rate constant of broccoli color change at 18 °C. Ren et al. (2006) presume that 

the quality of an agricultural product is related to time and temperature during storage 

according to Arrhenius´ law. Additionally, a pre-exponential equation constant was taken 

into account. Rate constants were then estimated, while the pre-factors as well as the 

activation energy were based on experimental data collected on purchased broccoli. The 

Arrhenius-function resulted in high adjustment degrees for the b* value, while a 

polynomial model returned in a better a fit for hue values (Ren et al. 2006). Arrhenius’ law 

was also used for color changes during the blanching of broccoli (Tijskens et al. 2001) 

and during the heating of broccoli juice (Weemaes et al. 1999b). In contrast, Ishikawa 

and Hirata (2001) applied multiple regression analysis instead of Arrhenius’ law and 

propose a model to describe color development in broccoli as a function of in–package 

gas composition and integrated respiration rate. 

Another approach described is the use of artificial neural networks for color prediction 

models. According to Hosaka et al. (2012) chlorophyll degradation of broccoli heads has 

been suitable for the prediction of color change at the start of storage when using a neural 



 
Literature review 

Bornimer Agrartechnische Berichte  |  Heft 98  |  ISSN 0947-7314 

17 

network. The 2nd derivative of reflectance spectra from 380 to 1000 nm and the change 

in chlorophyll concentration were placed as input factors (Hosaka et al. 2012). 

3.2.1.3. Image analysis 

In addition to spot measurements, color parameters of broccoli are also derived from 

digital and hyperspectral images. Schouten et al. (2009) analyze the color of the central 

floret of broccoli curds by RGB color image analysis and use the inverse red channel for 

color rating. Digital images are also used by Graeff et al. (2008) in order to evaluate the 

nitrogen status of broccoli plants in the field. The images were analyzed using CIELAB, 

and mean color parameters (a*, b*) have been related to fertilizer applications. In addition 

to mean values of hue, chroma and lightness, Ishikawa and Hirata (2001) also propose 

the proportion of yellow pixels to total pixels of the RGB color system as an indicator of 

quality in digital images. 

However, apart from colorimetry, the reflection spectra of broccoli have only recently been 

analyzed in more detail. Using a hyperspectral imaging system, Hosaka et al. (2012) 

selected 10 areas per broccoli curd for analysis. The 2nd derivative of reflectance spectra 

from 380 to 1000 nm and the change in chlorophyll concentration were the input factors 

in an artificial neuronal network by Hosaka et al. (2012). In a preliminary study, 

Hernández-Hierro et al. (2014) related NIR wavelength segments to glucosinolate content 

in broccoli powders and then estimated its spatial distribution in broccoli slices through 

hyperspectral imaging. Senescence induced changes of reflectance spectra have been 

reported in different fruits and vegetables without anthocyanin-synthesis, e.g. lemon 

(Merzlyak et al. 1999) and, with the use of NIR spectra, green asparagus (Sanchez et al. 

2009). The NIR-spectrum has also been used to predict the water content of broccoli 

leaves (Thiel et al. 2011 + 2012). For the quality determination of broccoli postharvest, 

non-colorimetric spectroscopy has not been used thus far. 

Concerning broccoli, there are approaches considering the reflection spectra of broccoli 

on a field scale in order to monitor water and nitrogen supply. Data are derived from a 

ground-based remote sensing system (El-Shikha et al. 2007) or from a satellite (Johnson 

& Trout 2012). In this context, the normalized difference vegetation index (NDVI) is the 

most commonly applied for spectral analyses. It is located at the transition area of 

electromagnetic wavelengths from the visible dark red to the NIR (Rouse et al. 1973). 

Accordingly, next to other indices, NDVI has been used on field scale in order to estimate 

crop coverage as well as the water and nutrient status of broccoli (El-Shikha et al. 2007; 

Johnson & Trout 2012). 

The reported digital and hyperspectral image studies on broccoli, however, have rarely 

applied advanced image analysis that takes all of the information included in images into 

account. Whenever single parts of broccoli images have been investigated, it is supposed 

that mean values of spectral reflectance have been calculated, instead of using image 

data on single pixel basis. Thus, the values have been mainly treated similarly to readings 

from single spot devices, as being separated from spatial information. Concerning 
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broccoli, this may be a knowledge gap: Due to their complex morphology, senescence 

changes within individual broccoli curds can be expected to occur inhomogenously on 

the curd surface related to single floret buds (see 3.1.5). Hernández-Hierro et al. (2014) 

applied image analysis for the determination of spatial glucosinolate distribution. 

However, they used a longitudinal slice of broccoli instead of the curd surface, where the 

senescence changes normally occur. 

3.2.2. Chlorophyll fluorescence 

The curd of broccoli is a green floral organ containing large amounts of chlorophyll. 

Consequently, it is capable of performing photosynthesis, and this characteristic is also 

maintained postharvest. Thus, chlorophyll fluorescence has been applied during storage 

and after postharvest treatments of broccoli in order to rate its quality. In this context, 

different fluorescence parameters have been used with varying results. Toivonen (1992) 

applied the variable fluorescence (Fv), which represents the length of the slope from 

minimum (F0) to maximum fluorescence after dark adaptation (Fm) (von Willert et al. 

1995, p. 219). According to the study of Toivonen (1992), Fv proves to be a valuable 

score for the rating of broccoli during adequate storage (1 °C, 97 % RH), because a 

decline of freshness could be measured before visible yellowing occurred. Broccoli which 

was stored at 0-1 °C for 7 to 10 days and was then transferred to room temperature 

(18 °C) showed an immediate and continuous decline of parameters measured in the 

light-adapted state, whereas Fv/Fm did not show such a prompt reaction (DeEll & 

Toivonen 1999). Fv/Fm provides an estimate of the maximum of photosynthetic efficiency 

measured in the dark-adapted state. Healthy and highly active plants can exhibit a Fv/Fm 

ratio as high as 0.84 (Björkman & Demmig 1987). 

When broccoli was subject to hot water treatments, treatment durations which reduced 

yellowing of the curds resulted in lower Fv/Fm ratios (Tian et al. 1996). Concerning the 

maturity of the curd, no differences of chlorophyll fluorescence parameters were observed 

between broccoli at optimum compared to overmature stage (Toivonen & DeEll 1998).  

Differences between broccoli packed in two different plastic films were determined 

without opening the seals by the use of several fluorescence parameters both in the light- 

and dark-adapted state (DeEll & Toivonen 2000). It was assumed that the differences 

resulted from different respiration patterns, because one of the plastic films caused an 

accumulation of CO2 inside the package (DeEll & Toivonen 2000). Upon removal from 

the packages, values of fluorescence parameters might recover (Toivonen & DeEll 2001).  

In leaves of broccoli, it is possible to assess the flavonol content through chlorophyll 

fluorescence measurements after excitation with two wavelengths (Bengtsson et al. 

2006). Also polyphenolics in broccoli have been estimated by the use of fluorescence 

measurements (Fortier et al. 2010). 

In conclusion, it can be assumed that chlorophyll fluorescence may be a valuable 

technique for quality determination of broccoli, although the application is not as common 

as color measurements. Based on the findings in the literature, it is uncertain if 
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fluorescence analysis is generally more sensitive to changes during storage than 

reflection intensity and concomitant color determination. Although some authors report a 

higher sensitivity, it has also been stated that senescing tissue tends to maintain its 

photosynthetic capacity until near the end of its storage life (DeEll & Toivonen 1999). 

3.2.3. Chlorophyll degradation 

Regarding green vegetables, the maintenance of the photosynthetic apparatus serves as 

an indicator of freshness. Quality losses of green vegetables go hand in hand with the 

degradation of the photosynthetic system, which is probably activated in order to prevent 

cell death and to remobilize nitrogen from chlorophyll binding proteins (Hörtensteiner 

2004, 2006). In the literature, chlorophyll catabolism has been in the focus of broccoli 

shelf life examinations. In this context, next to enzyme activities (Zhuang et al. 1994; 

Funamoto et al. 2002; Costa et al. 2005a; Büchert et al. 2011a; Aiamla-or et al. 2014) 

and corresponding gene expression patterns (Chen et al. 2008a; Gómez-Lobato et al. 

2012b, a), also the actual presence of chlorophyll derivatives has been used to interpret 

the current senescence status of broccoli (Yamauchi et al. 1997; Costa et al. 2005a; 

Costa et al. 2006a; Aiamla-or et al. 2010; Kaosamphan et al. 2010; Aiamla-or et al. 2012).  

Looking more closely at the early chlorophyll degradation pathway, it is known that the 

conversion from chlorophyll b into chlorophyll a is a general prerequisite (Scheumann et 

al. 1999; Tanaka & Tanaka 2006); Fig. 6. The light harvesting complex II (LHC II), which 

contains a relatively huge amount of chlorophyll b, is degraded. Therefore, the ratio of 

chlorophyll a to b may shift towards chlorophyll a during senescence (Schopfer & 

Brennicke 2006, p. 529). The last colored chlorophyll catabolite in the degradation 

pathway is Pheoide. In broccoli, Pheoide is later degraded into a red chlorophyll 

catabolite, followed by fluorescent (Mühlecker et al. 1997; Hörtensteiner & Kräutler 2011) 

and finally by three nonfluorescent catabolites (Roiser et al. 2015). The intermediate steps 

of early chlorophyll degradation have been the subject of much controversy: It used to be 

assumed that the initial step of chlorophyll catabolism was dephytylation, resulting in 

Chlide as the first product (Heaton & Marangoni 1996; Tanaka & Tanaka 2006; 

Kaewsuksaeng 2011). In broccoli, the higher expression of the enzyme pheophytinase 

compared to chlorophyllase was found by Büchert et al. (2011a). This indicates that the 

chlorophyll degradation follows the steps of the pathway presented on the left of Fig. 6 

instead. A proof of this principle is achieved in Arabidopsis, where pheophytinase 

specifically needed Pheoin as a substrate in-vitro (Schelbert et al. 2009).  

Other findings based on the respective enzyme activities in broccoli also indicate that the 

removal of the central Mg2+ atom (pheophytinization) may take place prior to the 

dephytylation step (Costa et al. 2005a; Aiamla-or et al. 2012; Gómez-Lobato et al. 2012c). 

Nevertheless, the involvement of chlorophyllase resulting in Chlide formation is still 

regarded as an important intermediate step on the chlorophyll degradation pathway by 

other authors (Aiamla-or et al. 2010; Kaosamphan et al. 2010). 
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Fig. 6: Schematic diagram of early chlorophyll degradation modified after Heaton and 
Marangoni (1996). 

From a practical point of view, pigments such as chlorophyll and carotenoids determine 

the color of plants and plant organs because of their light absorbing properties (Schoefs 

2002). Next to chlorophyll, carotenoids and flavonoids are the dominant pigments in 

broccoli (Cogo et al. 2011; Fernandez-Leon et al. 2012). Chlorophyll a and Chlide are 

characterized as blue green, Pheoin and Pheoide as olive brown (Heaton & Marangoni 

1996; Weemaes et al. 1999a) or even yellow-brown (Schouten et al. 2009). Carotenoids 

are of a yellow–orange color due to their intense absorption in the 400–550 nm range 

(Scheer 2013). The colors of carotenoids range from light yellow (xanthophylls) to dark 

orange (carotenes). During the storage of broccoli florets, carotenoid contents usually 

remain relatively stable compared to other compounds, but may also decrease at higher 

storage temperatures (Kidmose & Hansen 1999; Cogo et al. 2011; Nath et al. 2011). For 

unknown reasons, different packaging material caused great differences in the retention 

of total carotenes during six days of storage at 5 °C in one study (Barth & Zhuang 1996). 

While fruits are ripening, e.g. tomatoes or apples, carotenoid content is increasing 

simultaneously to chlorophyll degradation (Khudairi 1972). Although some believe that a 

conversion from chloroplast to chromoplast is also taking place in broccoli while yellowing 
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(Suzuki et al. 2005), an accumulation of carotenoids in broccoli during storage has not 

been observed so far and was therefore not expected in the present work. According to 

the assumptions of Matile et al. (1999) regarding senescent leaves, sepal discoloration 

and subsequent yellowing of broccoli is the result of chlorophyll degradation, which 

unmasks the remaining carotenoids rather than a synthesis of new yellow components. 

In this work, the focus was put on early reactions of chlorophyll degradation in order to 

investigate a possible indication of early senescence in broccoli through the occurrence 

of green chlorophyll catabolites. Nevertheless, carotenoids were identified simultaneously 

in order to relate the yellowing of broccoli to specific compounds. 

In addition to the analysis of these compounds, the storability of broccoli was examined 

with the help of different non-destructive quality rating methods, which were compared to 

each other regarding their sensitivity. Storage was conducted under controlled conditions 

of temperature and humidity in order to induce senescence. Plant material was harvested 

from different planting sites of one commercial grower and two scientific institutions. 

Information on climate, fertilization and irrigation was gathered and matched using a 

database in order to model significant impacts on subsequent storability. In the following 

chapter, the methods and material used in this work are described in more detail. 
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4. Methods and materials 

The investigations in the presented work were conducted according to three major 

approaches: In the first approach, examinations were conducted to compare optical 

measuring methods. In the second, influencing factors on quality were rated using 

information related to the cultivation of the broccoli curds. Third, features of the curd 

physiology and pigment decomposition during storage were evaluated. 

4.1. Plant material 

All studies were performed with broccoli that was freshly harvested at different planting 

sites in northern Germany (4.1.2). Directly after harvest, broccoli curds were transported 

to the laboratory in closed insulated boxes cooled by an ice layer at the bottom of the box. 

Upon arrival in the lab, the broccoli stems were cut 5 cm below the first branch and all 

leaves were removed. Then, the broccoli were stored in controlled storage chambers at 

16°C for 4 days (4.1.3). Non-destructive, optical measurements were taken on a minimum 

of three days during storage (4.4 - 4.5). For this purpose, broccoli were removed from the 

storage chambers but were kept in closed insulated boxes. For pigment analyses, 

samples of two to three broccoli were removed on the respective storage days (4.6). More 

detailed information on the methods applied and the materials used is provided in the 

following subchapters. 

4.1.1. Broccoli harvest batches 

Broccoli used for investigations was cultivated by one commercial vegetable producer 

(Behr AG) and two research institutions: Leibniz Universität Hannover (LUH) and Leibniz 

Institute of Vegetable and Ornamental Crops (IGZ). The institutions were part of the 

previously stated research framework. Broccoli was harvested during the years 2011 to 

2013 at different planting sites of the cultivating institutions (4.1.2). Harvested batches 

were then used for multiple investigation purposes as indicated in Table 1. For all 

investigations, the broccoli variety ‘Ironman’ was used. 

Depending on the harvest batch, a varying number of broccoli was harvested according 

to different capacities of the institution. Sample sizes are designated by investigation. 
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Table 1: Overview of broccoli harvest batches used for various investigation purposes. 

Planting  

date2 

Harvest  

date 

Institu-
tion 

Field 

Investigation purpose 

Cultivation 
alterations  

Curd 
develop-

ment  

Comparison 
of optical 
measure-

ments 

Climate 
influences 

Pigment 
analysis 

03Jun2011 04Aug2011 
Behr 
AG 

Scharbow - 
x  

(+ bud size) 
   

17Mar2012 08Jun2012 
Behr 
AG 

Schwan-
heide 

- x x x x 

17Apr2012 25Jun2012 LUH 
Herren-
hausen 

Net cover x x x  

04May2012 09Jul2012 
Behr 
AG 

Tüschow 
Fertilizer 

application 
x x x x 

22May2012 18Jul2012 IGZ 
Groß-
beeren 

Plastic film 
cover 

x x x  

06Jul2012 30Aug2012 
Behr 
AG 

Schwan-
heide 

- x x x x 

11Jul2012 11Sep2012 IGZ 
Groß-
beeren 

Plastic film 
cover 

x x x x 

23Jul2012 24Sep2012 
Behr 
AG 

Kogel - x x x x 

04Jul2013 09Sep2013 
Behr 
AG 

Backhaus 
Wald 

-  
x (hyper-
spectral 
images) 

x  

11Jul2013 26Sep2013 
Behr 
AG 

Kogel -   x  

 

Harvested broccoli, in general, perfectly met the quality standards concerning shape, 

firmness and bud appearance following trade regulations (UNECE 2010), with one 

exception: Broccoli in the batch harvested on July 18th, 2012 did not meet the 

requirements for shape and color as they had elongated floral stems (Fig. 7 B). Broccoli 

from this batch was, however, integrated in the investigations, as the predetermination of 

product quality was a considerable part of the experimental approach. In this sense, the 

physiological quality defects represented a valuable source of information. As regards the 

comparison of non-destructive quality determination, however, this harvest batch should 

not be considered as being of marketable quality. 

                                            
2 Planting dates of broccoli may be delayed by one or two days for the broccoli batches of the commercial 
grower (Behr AG). This may have occurred when entire field plantings were not completed on the same 
day. 
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In some harvest batches, storage diseases occurred. When spots exceeded 1 cm², the 

broccoli curd was discarded. In addition to the broccoli used in sampling for pigment 

analysis, this resulted in decreasing sample sizes during the course of storage. 

4.1.2. Experimental sites 

Broccoli was grown on 7 experimental sites in northern Germany (Fig. 8). The commercial 

grower’s fields were, in general, very large (27-37 ha), while research institutions provided 

small-scale trial plantations of 108 m² (LUH) and 240 m² (IGZ). Fertilization, irrigation and 

plant protection was applied by the growers according to common practice. 

Climate data for all experimental sites during the growing seasons 2012 and 2013 were 

recorded from weather stations on an hourly basis at a height of 1.2 m. Weather stations 

from the two research institutes were located in the direct proximity of the fields. For the 

commercial grower, data from four weather stations located nearby was used. For the 

fields Schwanheide and Tüschow (Table 1), data from the two nearest weather stations 

was averaged. 

Irrigation data was provided by IGZ and by Behr AG. Due to the significant size of the 

fields, irrigation data from Behr AG cover a time slot of 4 consecutive days, during which 

plants were irrigated with 18 mm. The data resolution for irrigation at IGZ is the respective 

irrigation day. 

A B 

Fig. 7: Broccoli fully meeting marketing standards of UNECE (2010) harvested 
at September 26th, 2013 (A) and broccoli of non-marketable quality harvested 
on July 18th, 2012 (B). 
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Fig. 8: Location of trial fields in northern Germany. Colors of symbols indicate institution 
affiliation: green – Behr AG, red – Leibniz Institute of Vegetable and Ornamental Crops, 
blue – Leibniz Universität Hannover. 

4.1.3. Storage conditions 

To induce senescence, curds were stored in climate chambers at 16 °C and 95 % RH 

over 4 days. From 2012 on, storage was conducted in single chambers of storage rooms 

(Fig. 9, FRIGOTEC, Landsberg, Germany). Up to twelve broccoli were stored in a single 

chamber. 

The storage temperature of 16°C was chosen based on the literature review and 

preliminary experiments. The aim was to choose a suitable storage temperature for 

differentiation of broccoli batches regarding their storability within a period of 4 days after 

harvest. 

 

Fig. 9: Storage of broccoli in a single chamber (A) of the storage room (B). 

B A 
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Lids of single chambers were not fully closed, in order to allow air exchange between the 

chambers and storage rooms. Through this chamber storage, RH was kept high in order 

to prevent water loss in the broccoli. The selected storage intended to place the 

temperature as trigger for the induction of senescence. Based on daily weights starting 

from harvest day, broccoli lost 1.2 % of its weight per day on average. 

Regarding the batch harvested in 2011, storage was done at 10 °C and high RH (> 95 %) 

for 8 days using a SB 222/300 climate chamber (Weiss Umwelttechnik GmbH, 

Reiskirchen-Lindenstruth, Germany) because the storage rooms (Fig. 9) were still under 

construction. 

4.2. Cultivation factors 

The influencing factors during the cultivation of broccoli on its subsequent quality and 

storability were investigated in cooperation with the cultivating institutions. The 

commercial grower had observed minor quality and storability changes when using high 

amounts of fertilizer. Therefore, fertilization was altered on one field following a practical 

approach (4.2.1). At IGZ, light qualities were varied during curd growth through the use 

of different plastic film covers (0). Investigations on cultivation protection nets against the 

pollen beetle Meligethes aeneus were conducted at LUH (4.2.3). In the present work, 

these variations in cultivation were investigated with regard to their impact on quality and 

storability. Details are explained in the following subchapters. 

4.2.1. Fertilization 

During cultivation, fertilizer was generally applied by the growers according to the nutrient 

demand of the broccoli, considering the respective soil properties. Amounts of fertilizer 

varied from 3.7 and 16.5 g nitrogen, 0 and 5.2 g phosphorus and 0 and 6.6 g potassium 

per plant. For one broccoli batch, which was cultivated from May 4th to July 9th, 2012, 

fertilizer application was varied by the commercial grower as indicated in Table 2. 

Accordingly, different quantities of nutrients were received by the single broccoli plant 

during cultivation. The level of nutrition elements was calculated based on information 

about fertilizer products applied by the grower.  

Table 2: Fertilizer application amounts on broccoli cultivated from May 4th to July 9th, 2012 
(g/plant). 

 Nitrogen Phosphorus 
(P2O5) 

Potassium 

(K2O) 

Best practice 9.4 2.8 4.8 

Low fertilizer application 5.8 1.7 3.9 

High fertilizer application 16.5 5.2 6.6 
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4.2.2. Plastic film cover 

Broccoli curds cultivated by IGZ were covered with plastic film boxes (LEE filters, 

Andover, UK) in order to vary received light quality. Curds were grown under blue (Mikkel 

blue, No. 716) and green (Dark Green, No. 124) covers (Fig. 10, A). These films reduced 

irradiation and transmitted the visible electromagnetic spectrum selectively (Fig. 11). 

 

Fig. 10: Plastic film covers placed on broccoli for variation of light quality (A) and fully 
transparent covers without light variation (B). 

Broccoli covered by boxes with fully transparent plastic film (Fig. 10, B) and uncovered 

broccoli were used as control in the investigations. Cover boxes were initially placed on 

broccoli plants when curds measured 5 cm in diameter and were used for 6 hours per 

day on sunny weekdays only. The trial followed a randomized block design with four 

repetitions per cover material.  

Sensors (iButton, Maxim Integrated, San Jose, U.S.A) were used to monitor temperature 

and humidity under plastic film covers. In September, sensors were additionally placed in 

the uncovered crop stand. Readings from two sensors per cover type were averaged. 

Regarding RH, sensors occasionally recorded values higher than 100 %. Values were 

then corrected. In June, readings from sensors were compared to data of a weather 

station (Fig. 12 A+C). Temperature peaks recorded by the weather station were slightly 

higher than in the crop stand (Fig. 12 A). Temperature in the crop stand was identical 

under different cover types and without covering (Fig. 12 A+ B). The range of RH recorded 

by the weather station was narrower than that recorded by sensors in the crop stand (Fig. 

12 C). 

A B 
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Fig. 11: Light transmitted (%) by blue (A) and green (B) plastic film cover for each 
wavelength (LEE filters, Andover, UK). 

 

A B 
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Fig. 12: Climatic conditions under plastic film boxes placed on broccoli plants during curd 
growth. Temperature (A) and humidity (C) of a batch harvested on July 18th was compared 
to conditions recorded by a weather station. Temperature (B) and humidity (D) of a batch 
harvested on September 11th was compared to conditions recorded in the plant stand 
without plastic film cover. 

This was possibly due to a different principle of measurement, because the humidity in 

crop stands is generally expected to be higher than in the atmosphere. RH measured 

using iButton sensors in the uncovered crop stand peaked slightly lower than under 

plastic film covers (Fig. 12 D). Nevertheless, differences were found to be negligible and 

it was therefore assumed that temperature and humidity were not significantly altered by 

colored or transparent plastic film covers. 

A 

D C 

B 
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4.2.3. Net cover 

Transparent cultivation protection nets against M.aeneus made of polyethylene with 0.8 

x 0.8 mesh size (HADI, Marschacht, Germany) were placed on the broccoli plants grown 

at LUH. They were covered for either the last two or three weeks before harvest. 

Additionally, all plants were covered by a net with wider margins to protect against bird 

and rabbit damage. Different coverage durations were carried out in a randomized block 

design. No differences were found in the photosynthetic active radiation (PAR) measured 

under different net covers. However, PAR under covers was significantly different from 

PAR without any cover (for more information, see Klinzmann & Voigt 2013). 

4.3. Maturity stages 

As explained in chapter 3.1.5, broccoli curds are inflorescences at bud stage. The goal 

was to analyze their generative development and to relate it to subsequent storability. 

Two different methodological approaches were used. In 2011, microscopically recorded 

images of the curd were analyzed in one harvest batch (4.3.1). During the subsequent 

investigations in 2012, diameter and circumference of curds were measured after harvest 

(4.3.2). 

4.3.1. Bud size determination 

One broccoli batch used for bud size determination was harvested on August 4th, 2011 

on a field from the commercial grower (Table 1). The whole crop stand had been planted 

two months earlier, however, slight variations related to plant development and curd size 

were observed on different allotments of the field. Therefore, curds were labeled 

differently according to the field allotment from which they were harvested. In order to 

determine the individual bud diameter, photographs of broccoli florets were taken using 

a Moticam 2500 digital microscope camera (Motic, Hong Kong, China) in combination 

with a SM 33 microscope (Helmut Hund GmbH, Wetzlar, Germany). Bud diameter was 

measured using the software Motic images plus 2.0 as shown in Fig. 13 B. Twelve buds 

were measured in one microscopic image following the grid that divided it into twelve 

sectors (Fig. 13). Five images of each broccoli curd were recorded, two in the curd center 

and three at arbitrary chosen areas of the outer edge. In sum, 60 buds represented the 

developmental stage of a single broccoli curd. 

 

http://dict.leo.org/ende/index_de.html#/search=microscopical&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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Fig. 13: Microscopic image of a broccoli curd harvested on August 4th, 2011 (A) and 
analysis of bud diameters (B). The white bar in (A) represents 1 mm length in the focal 
plane.  

4.3.2. Curd size determination 

The diameter and circumference of broccoli curds were recorded using a folding ruler and 

a tape measure, respectively. Measurements were done with an accuracy of 0.5 cm. 

Diameter was measured at the distance of highest expansion. Because the 

circumference was sufficiently correlated with diameter (r = 0.84) and, furthermore, is 

used as an indicator of developmental stages in many existing works (3.1.5), only 

diameter was considered in further analysis of curd development. 

4.4. Reflection measurements 

Three different approaches based on reflection in the visible (VIS) and near infrared (NIR) 

electromagnetic wavelength range were analyzed regarding their suitability for the quality 

evaluation of broccoli. Color determination is widely applied in academia (see 3.2.1) and, 

therefore, is referred to as a reference measurement (4.4.1). Spot measurements of 

diffuse reflection were conducted using an OEM spectrometer (Fig. 14). Using 

hyperspectral imagery, reflection patterns within single broccoli curds were analyzed 

(4.4.3). 

White adjustment of both the spectrometer and the hyperspectral camera system was 

done with the help of a spectralon standard (Zeutec, Rendsburg, Germany). 

4.4.1. Color determination 

The surface color of broccoli curds was measured using a CM-2600d spectrophotometer 

(Konica Minolta Sensing Inc., Tokyo, Japan). Six superficial color measurements were 

conducted randomly on the broccoli curd and analyzed as parameters of the CIELAB (L*, 

a*, b*, hue angle and chroma). For the calculation of color parameters (3.2.1.1), the 

spectrum of CIE Standard Illuminant D65 was used. Black/white calibration of the device 

was done using the supplementary device equipment. 

 

A B 
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4.4.2. Spot measurements of reflection 

Diffuse reflectance of broccoli was measured on individual spots of 2.5 cm² by using an 

OEM spectrometer (tec5, Oberursel, Germany) applying a MMS1 spectral sensor (Zeiss, 

Jena, Germany). Measurements were conducted underneath an opaque cover using a 

50 W halogen lamp as light source (Fig. 14). Broccoli curds were placed at a distance of 

10 cm to a collimator, which narrowed the derived reflection signal from the measuring 

spot. For each curd, measurements were randomly repeated six times. The measurement 

range was 400 – 1100 nm at a spectral resolution of 3.2 nm (interpolated to 2.5 nm). 

Wavelengths below 450 nm were not used for analysis due to a low signal-to-noise ratio. 

 

Fig. 14: Schematic diagram of spot reflection measurements of broccoli curds. 

4.4.3. Hyperspectral images 

Hyperspectral images were recorded according to the methodoly proposed by Bauriegel 

et al. (2011a) in the range of 400 to 1000 nm with a spectral resolution of 1.2 nm. The 

system comprised a spectrograph (ImSpector V10E, Spectral Imaging Ltd., Oulu, 

Finland) and a monochrome camera (Pixelflyqe, PCO AG, Kelheim, Germany). Curds 

were illuminated with a stabilized halogen lamp (150 W) and were recorded from a bird’s 

eye view. The minimum distance between curd and light source was 34 cm. Due to a 

recording and preprocessing time of 40 min per record, only 5 broccoli curds were 

recorded with hyperspectral images. The control of the camera system as well as 

black/white calibration was accomplished using LabView 8.2 (National Instruments 

Corporation, Austin, TX, USA). The spatial resolution of images was 696 x 512 pixels. 

4.5. Chlorophyll fluorescence measurements 

Measurements of chlorophyll fluorescence were conducted to assess maximum 

photochemical efficiency (Fv/Fm) and the portion of it that is effective under illuminated 
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conditions, commonly referred to as photosynthetic yield (ΦPSII, (Fm’-Ft)/Fm’) (Nebdal et 

al. 2000). Chlorophyll fluorescence of two broccoli batches harvested in June 2012 was 

analyzed using a fluorescence camera imaging system (4.5.1). The remaining five 

batches in 2012 were assessed using spot measuring devices (4.5.2). 

4.5.1. Fluorescence imaging 

Grayscale images of fluorescence emitted by broccoli curds were recorded using a 

modular FluorCAM 690MF camera system (PSI, Brno, Czech Republic) as described in 

(Bauriegel et al. 2011b) and Baier et al. (2013). Measurements were performed on dark 

adapted broccoli curds taken from storage rooms (4.1.3) following a template with user-

defined timing of set points. A filter set enabled the detection of fluorescence in the range 

of 695 to 780 nm. A non-actinic measuring light from orange light emitting diodes (LED) 

(λmax = 620 nm) induced basic fluorescence (F0). After a saturation pulse from a 250 W 

halogen lamp, maximum fluorescence (Fm) was recorded. Actinic, non-saturating 

irradiation from LED-generated, steady-state photosynthetic conditions provided the 

parameter Ft. Single saturation pulses led to maximum fluorescence in light (Fm‘). 

Maximum photochemical efficiency Fv/Fm with Fv = Fm-F0 and effective quantum yield 

of photochemical energy conversion in PSII ΦPSII = (Fm’-Ft)/Fm’ were calculated from the 

fluorescence signals. 

4.5.2. Fluorescence spot measurements 

Fluorescence parameters of dark adapted broccoli curds (F0, Fm) were measured using 

a Pam 2000 device (Heinz Walz GmbH, Effeltrich, Germany). For fluorescence 

parameters in simulated daylight conditions (Fm’, Ft), broccoli were illuminated for at least 

4 min by LED-Panels (SL 3500-A, PSI, Brno, Czech Republic), which emitted a cool white 

color spectrum. A Mini-Pam device (Heinz Walz GmbH, Effeltrich, Germany) was used 

for the measurement of light-induced fluorescence signals. The PAR striking the broccoli 

surface during light-adaptation and subsequent measurement was 220 to 230 µmol m-

² s-1 according to a Cosine Corrected Mini Quantum Sensor MQS-B (Heinz Walz GmbH, 

Effeltrich, Germany). A distance piece was used for the uniform performance of both 

measurements. Three measurements were conducted on each broccoli curd for 

fluorescence, both in dark and light conditions. In August and late September the Mini-

Pam device was not available. Therefore, no light measurements were conducted on the 

broccoli batch harvested on August 30th, 2012. For the broccoli batch harvested on 

September 24th, the Pam 2000 device was used alternately for dark and light 

measurements of curds. 

4.6. Pigment analysis 

Broccoli curds from five harvest batches were used for pigment analysis (Table 1). In 

June and early September, two curds were sampled per storage day. Three curds per 
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storage day were sampled in the remaining harvest batches. Bud material was cut from 

the broccoli surface. Two samples of 1 g each per broccoli curd were used for repeat 

determination. Samples were then frozen in liquid nitrogen.  

For extraction, frozen broccoli samples were ground in a buffered acetone solution 

following the method of Niinemets et al. (1998). Samples were then homogenized in 10 

ml 70 % buffered acetone solution. Tris (30 mMol) was used as a buffer. Three further 

extraction steps were conducted, resulting in an 80 % acetone solution of chlorophyll and 

carotenoid pigments. 

For the determination of pigments, a liquid chromatograph (Shimadzu, Kyoto, Japan) was 

used. Chlorophyll b and carotenoids were detected by a SPD-M20A UV/VIS photodiode 

array detector. For the detection of chlorophyll a and chlorophyll derivatives, a RF-20A xs 

fluorescence detector at excitation/emission wavelengths of 420/675 nm and 680/720 nm 

was used. The influence of harvest date and storage day on concentrations of 

chlorophylls and derivatives was calculated by means of analysis of variance (4.7.4).  

Samples from the same broccoli curd were extracted and measured by HPLC separately 

on different days. The concentrations of pigments determined in the two samples of a 

broccoli curd were then averaged. A prerequisite for using the average was that deviation 

between the two samples of the same curd did not exceed 15 % of the minimum value of 

the respective pigment concentration. Through this double checking process, the 

accuracy of the results gained from the newly established HPLC method was ensured. 

The deviation between samples of single broccoli curds harvested on June 8th, 2012, did 

exceed 15 %. Therefore, only one pigment concentration for each broccoli curd was 

included in further analysis. It was chosen for the samples that were only deviating by 

5 % from the general value-range of the pigment concentrations in other batches. 

4.7. Data processing 

Methods of data analysis were chosen according to the respective investigation purpose 

(Table 1). Analysis of variance and multiple pair wise comparisons were used to evaluate 

the influence of both storage and cultivation alterations on optical measuring methods 

and pigment content (4.7.4). Pearson’s correlation coefficient was used to determine the 

linear dependence between different optical measuring methods as well as between curd 

diameter and color of broccoli, measured as hue angle. To rate curd development, 

frequency distributions of bud size classes were displayed. For the analysis of spectral 

data, pre-treatment steps were conducted (4.7.2). Then, data were categorized by 

principal component analysis (PCA) (4.7.3). 

4.7.1. Rating of storability 

Analysis of variance (ANOVA) and multiple pair-wise comparisons were conducted using 

SAS 9.3 (SAS Institute Inc., Cary, USA). Influences of both cultivation factors (4.2) and 
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postharvest storage days at 16 °C and 95 % RH (4.1.3) were evaluated in one statistical 

model using the statistical procedure “PROC MIXED”. This procedure was the most 

suitable for ANOVA because repeated measurements were taken on the same broccoli 

curds during storage.  

Considering the repeated measurements on each broccoli curd, it was taken into account 

that measurements were correlated to  

σ²ρt       (7) 

where σ² was the variance within the curd, ρ was the covariance parameter that should 

be estimated, and t was the absolute difference between the days of measurements. 

For each quality trait that was examined (optical indexes, pigment concentrations) a 

statistical model was set up which assumed that the respective quality trait depended on 

both pre- and postharvest influences. The model was set up with the following 

dependencies: 

q = µ + hbatch + storeday  + fert + filmcover + netcover + hbatch × storeday +  fert × storeday +  filmcover ×

storeday + netcover × storeday    (8) 

where the dependent variable q was an examined quality trait and µ was the estimated 

intercept. hbatch referred to the respective broccoli batch.  

The variables fert, filmcover and netcover indicated the cultivation influences of fertilization 

(4.2.1), plastic film covers (4.2.2) and cultivation protection nets (4.2.3), respectively. The 

factor storeday denoted the respective day of storage (harvest day = day 0) and was 

additionally tested as interaction factor via multiplication with the other factors (8). Factors 

that were estimated to have a significant influence on the quality trait by hypothesis tests 

(F-tests, significance level α = 0.05) were further evaluated using multiple pairwise 

comparisons (permutative tests, significance level α = 0.05) conducted by the 

LSMestimate statement of SAS software. Least square means of quality traits were 

compared both with respect to a different amount of storage days in the same harvest 

batch and on the same amount of storage days in different harvest batches. 

4.7.2. Pre-treatment of reflection spectra 

Spectra of spot measurements were normalized above 450 nm by min-max-normalization 

as follows: 

𝑅𝑖_𝑛𝑜𝑟𝑚 =  
(𝑅𝑖−𝑅𝑀𝐼𝑁)

(𝑅𝑀𝐴𝑋−𝑅𝑀𝐼𝑁)
   (9) 

where 𝑅𝑖 is a measured value of reflection intensity, 𝑅𝑖_𝑛𝑜𝑟𝑚 is the normalized value, and 

𝑅𝑀𝐼𝑁 and 𝑅𝑀𝐴𝑋  are the reflection intensities at the lowest and highest value on the 

spectrum, respectively. 
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For hyperspectral image analysis, masks were created to distinguish the curd from the 

background. All spectra of pixels within the masked area were normalized by equal area 

normalization as follows: 

∑ 𝑖 =   100 000
𝑅512
𝑖=𝑅1

    (10) 

where 𝑅1 was the reflection intensity at camera band 1. For presentation purposes, image 

data were randomly reduced to 1 %. 

4.7.3. Analysis of reflection spectra 

In order to identify changes in spectral reflectance related to quality changes in broccoli, 

PCA was conducted on the normalized reflection spectra of broccoli in the range of 450 

to 1000 nm. All recorded spectra of broccoli harvested during the 2012 growing season 

and measured during 4 days of storage were used (N = 4305). First and second 

derivations of spectra from spot measurements were calculated by means of data base 

query on Microsoft SQL Server. Using Java programming language, normalized spectra 

and derivatives were employed as input variables of PCA, so that principal components 

(PCs) represented typical spectral patterns.  

Concerning hyperspectral images, PCA was conducted in order to reduce redundant 

information. Here, normalized reflection intensities at camera bands 50-350 (wavelengths 

441 to 806 nm) were employed as input variables of PCA. In order to grade differences 

in reflection within single broccoli curds during storage, classification procedures (Iso-

Data, Fuzzy-c-means) were conducted on hyperspectral images, as well as on their first 

three PCs. Data processing of hyperspectral images including PCA, Euclidean distances 

and composite images was conducted using a software tool written in Java. 

4.7.4. Identification of external impacts on quality 

Data collected from investigations including climate data, cultivation influences and 

quality parameters were used to establish a Microsoft SQL Server database. With the 

help of data base queries, influences on broccoli quality and storability were 

systematically examined. Selection for relevant quality influences was done based on 

literature review (3.1). Using SQL, individual events, e.g. specific climatic conditions, were 

counted (Fig. 15). Data base query was applied for cultivation periods that are known 

from the literature to be susceptible to the climate regarding their subsequent quality.  
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Fig. 15: Example of SQL data base query: Hours with temperatures higher than 25 °C, 
occurring during a period of 16 to 24 days before harvest, were counted in the existing 
climate data (c.) for each harvest batch (u.). 

select  
 
COUNT(DATEDIFF(hour, c.timestamp, u.harvest_date)) 
 
from unit u 
 
WHERE  
 
c.temperature > 25 
 
AND DATEDIFF(day,c.timestamp,u.harvest_date) between 16 and 24 
 
AND c.timestamp between u.planting_start AND u.harvest_date 
 
GROUP BY u.id, ms.name 
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5. Results 

In order to rate the postharvest quality of broccoli, different optical measuring systems 

were used during four days of storage at 16 °C and high RH (~95 %), as previously 

described (4.1.3). This storage method will be referred to as “defined storage” (DS) in the 

results chapter. Non-destructive optical methods are compared regarding both their 

sensitivity towards storage conditions and the reliability of their value levels. 

5.1. Optical methods for quality rating 

The outputs of different non-destructive optical measuring systems for two harvest 

batches were plotted against each other in a correlation matrix. These two batches 

represented broccoli with minor storability (June 8th, 2012; Fig. 16) and broccoli with only 

moderate changes during DS (June 25th, 2012). One parameter from each optical 

measuring system has been used: Hue, calculated from CIELAB readings, REIP of 

diffuse reflection spectra and Fv/Fm of chlorophyll fluorescence imaging.  

 

Fig. 16: Broccoli harvested on June 8th, 2012 at harvest day (A) and after 3 days of storage 
(B) at 16 °C and high RH (~95 %). 

The harvest batch from June 8th, which changed visual appearance during DS (Fig. 16) 

showed very high correlation coefficients of readings from the three measuring systems 

when all four storage days were considered together in one approach (Fig. 17). Pearson 

correlation coefficients calculated for each day individually increased during storage 

(Table 3). This indicated that progression in quality decline leads to a close relationship 

between non-destructive measuring methods. 

A B 
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Fig. 17: Correlation matrix of non-destructive optical parameters representing the output 
of CIELAB (hue angle), of reflection spectra (Red edge inflection point) and fluorescence 
imaging (Fv/Fm). Broccoli was harvested on June 8th, 2012 and stored for 4 days at 16 °C 
and high RH (~95 %). Asterisks indicate significant Pearson correlations. 

  

 r = 0.93* r = 0.90* 

r = 0.99*             
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Table 3: Pearson correlation coefficients of non-destructive optical parameters 
representing the output of the CIELAB (hue), reflection spectra (Red edge) and 
fluorescence imaging (Fv/Fm) measured over 4 days of storage at 16 °C and high RH 
(~95 %) on two broccoli harvest batches. Asterisks indicate significance. 

 Harvest date = 08.06.2012 Harvest date = 25.06.2012 

storage 
day 

N  hue Red edge N  hue 
Red 
edge 

1 19 

hue 1 . 

22 

hue 1 . 

Red 
edge 

0.18 1 Red edge 0.47* 1 

Fv/Fm 0.23 0.22 Fv/Fm -0.21 -0.34 

2 19 

hue 1 . 

19 

hue 1 . 

Red 
edge 

0.53* 1 Red edge 0.53* 1 

Fv/Fm 0.00 -0.15 Fv/Fm 0.26 0.12 

3 18 

hue 1 . 

18 

hue 1 . 

Red 
edge 

0.52* 1 Red edge 0.14 1 

Fv/Fm 0.59* 0.46* Fv/Fm 0.15 0.14 

4 18 

hue 1 . 

14 

hue 1 . 

Red 
edge 

0.66* 1 Red edge 0.11 1 

Fv/Fm 0.70* 0.69* Fv/Fm 0.19 0.14 

 

The harvest batch of June 25th showed only moderate visual changes during DS. In a 

correlation matrix, optical indexes showed weak correlations (Fig. 18). In this case, the 

range of readings was much smaller than in batches with obvious quality decrease, as 

can be seen in the axes of Fig. 18. Hue and REIP were correlated on the first two storage 

days, whereas maximum photochemical efficiency was not correlated to other optical 

parameters (Fig. 18; Table 3). 
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Fig. 18: Correlation matrix of non-destructive optical parameters representing the output 
of CIELAB (hue angle), of reflection spectra (Red edge inflection point) and fluorescence 
imaging (Fv/Fm). Broccoli harvested on June 25th, 2012 and stored for 4 days at 16 °C and 
high RH (~95 %). Asterisk indicates significant Pearson correlations. 

In order to rate the sensitivity of particular measuring systems towards changes of 

broccoli curds caused by quality losses during DS, parameters were examined more in 

detail.

r = 0.65* 

r = -0.02 r = 0.08 
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5.1.1. Color determination (CIELAB) 

To facilitate a better understanding and comparison of CIELAB values, an example of a 

single broccoli curd during its color transition is given in Table 4. No subjective quality 

scores have been used in this work, therefore, color measurements function as a 

reference for quality condition. CIELAB has been established by CIE in order to simulate 

the perception of the human eye (see also 3.2.1.1). 

Table 4: CIELAB values of a single broccoli harvested on August 4th, 2011 and stored for 
8 days at 10 °C and high RH (~95 %). 

 

L*    38,85 44,82 49,22 51,49 

a*    -7,37 -6,33 -5,51 -3,88 

b*    15,07 12,93 17,84 22,84 

hue [°]  116,14 116,25 107,72 99,39 

C*    16,78 14,41 18,78 23,29 

 

During DS, the mean hue angle values of five out of seven broccoli batches harvested 

throughout the year 2012 declined significantly (Fig. 19). Yet, in the batch from June 25th, 

the decline was not constant: The hue angle values of broccoli on day 1 did not differ from 

the other days, whereas values on storage day 2 and 3 were significantly different from 

storage day 4 (Fig. 19). Broccoli curds harvested on August 30th and September 24th 

showed no significant changes in hue angle during DS, therefore maintaining the overall 

broccoli color (Fig. 19). The first significant changes in hue angle were observed on day 

3, although changes in the broccoli harvested on July 18th are likely to have already 

occurred earlier (Fig. 19). 
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Fig. 19: Hue angle (mean ± confidence interval) of seven broccoli batches harvested 
throughout the 2012 growing season. Storage took place at 16 °C and high RH (~95 %). 
Different letters indicate significant differences within one broccoli batch. Hue angle: 
90° = yellow, 180° = bluish-green. 

As explained in chapter 3.2.1.1, hue is a function of the color indexes a* and b*. In this 

work, b* reacted faster to color changes during DS than hue (Fig. 20). The b* value 

indicates color intensity on a blue to yellow scale. First changes in b* were observed on 

day 2 in broccoli harvested on June 8th (Fig. 20). On day 3 of storage, 5 out of seven 

harvested batches indicated significant differences in b*, whereas only 4 batches had 

changed regarding hue (Fig. 19 & Fig. 20). Additionally, in contrast to hue, the b* values 

of broccoli harvested on August 30th changed significantly during DS, increasing at a 

constant rate (Fig. 20). On the other hand, broccoli harvested on July 18th did not show 

differences in b* values from day 3 to 4, as was the case with hue angle values (Fig. 19 

& Fig. 20).  
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Fig. 20: Parameter b* (mean ± confidence interval) of seven broccoli batches harvested 
throughout the 2012 growing season. Storage took place at 16 °C and high RH (~95 %). 
Different letters indicate significant differences within one batch. 

Both hue and b* values of different harvest batches were compared among individual 

storage days with multiple pair-wise comparisons (Fig. 21 & Fig. 22). Values of hue were 

all within the same range in the first two days of storage, except for broccoli harvested on 

July 18th, which did not meet the high quality standards expected in the market (Fig. 21). 

The initial value range of the remaining batches over the first days was so narrow, that 

no consistent statistical subgroups of color could be formed through the statistics applied, 

even though some individual statistical differences were detected between single batches 

on day 1 (Fig. 22). 

After 3 days, due to color changes, broccoli batches were divided into three 

homogeneous subgroups of hue values (Fig. 21). Those three groups were maintained 

on day 4 of storage (Fig. 21). Broccoli harvested on July 18th showed mean hue values 

of 104.1° on day 1 of DS and continued to display the lowest hue values of all broccoli 

batches (Fig. 21). 
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Fig. 21: Hue angle (mean ± confidence interval) of broccoli batches on 4 days of storage 
at 16 °C and high RH (~95 %). Batches were harvested throughout the 2012 growing 
season. Different letters indicate significant differences between broccoli batches on 
single storage days. On day 1, only the broccoli harvested on July 18th formed an 
independent statistical subgroup. 

The b* values of six broccoli batches were in a similar range on the second day of DS, 

although the b* values of harvest batch from September 11th were lower than those of the 

batches harvested on July 9th and August 30th (Fig. 22). On day 3, the values formed two 

statistical subgroups (Fig. 22). The b* values of broccoli curds harvested on July 18th that 

were not of marketable quality did not differ from those harvested on June 8th or July 9th 

on day 3 (Fig. 22). After four days of storage, the b* values of broccoli were divided into 

four subgroups (Fig. 22). The broccoli from July 18th was then in the middle of the range 

of b* values (Fig. 22). 
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5.1.2. Reflection spectra 

Regarding the reflection spectra of broccoli curds in the range of 450 to 680 nm, an overall 

shift of spectra towards a higher reflection intensity was observed during storage (Fig. 

29). All spectra showed a peak at 550 nm and a steep rise in reflectance between 680 

and 750 nm (Fig. 23). 

The PCA of all recorded reflection spectra in the 2012 growing season (N = 4305) 

indicated that 99.7 % of variance was explained by the first PC (Table 5). Using the 

original spectra for PCA, no change in the characteristics of spectral regions could be 

demonstrated. Accordingly, the first PC represented the typical shape of the original 

recorded spectra (Fig. 24). 
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Fig. 22: b* (mean ± confidence interval) of broccoli batches on 4 days of storage at 16°C 
and high RH (~95%). Batches were harvested throughout the 2012 growing season. 
Different letters indicate significant differences between broccoli batches on single 
storage days. On day 1, only the broccoli harvested on July 18th formed an independent 
statistical subgroup. 
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Fig. 23: Normalized reflection spectra of one broccoli curd on harvest day (June 8th, 2012) 
to day 4 of storage at 16 °C and high RH (~95 %). Line patterns: harvest day – solid, storage 
day 1 – dash dot dash (hidden), day 2 – long dash, day 3 – medium dash, day 4 – short 
dash. 

PCA of the first and second derivative of spectra pointed to changes in the spectral 

signature. Proportions of explained variance were increasingly split into a higher number 

of PCs, when derivatives of spectra were used (Table 5). PCA of the first derivative of 

spectra resulted in 97.2 % of explained variance by the first and 2.5 % of explained 

variance by the second PC, respectively (Table 5). Regarding results of PCA on the first 

derivation of spectra, the first and second PC showed similarity throughout their overall 

spectrum. It was, however, observed that the maximum shifted in a range of 700-750 nm 

(Fig. 24).  

When PCA was finally applied to the second derivative of recorded spectra, the explained 

variation was split into the first 5 PCs, the first PC accounting for only 80 % of variation 

(Table 5). PCs 3 to 5 of the second derivation of spectra still explained 1 to 1.5 % of 

variation (Table 5). The first five PCs had maxima and minima located at different 

positions in the range of 680 to 730 nm (Fig. 24). 
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Table 5: Percentage variance of principle components of diffuse reflection spectra (and 1st 
and 2nd derivation of spectra) recorded on broccoli curds. Broccoli was harvested 
throughout the season 2012 and stored for 4 days at 16 °C and high RH (~95 %). 

Principal 
component  

% variance 

Reflection 
spectra 

1st derivation 2nd derivation 

1 99.7 96.8 80.0 

2 0.2 2.8 7.0 

3 0.0 0.1 1.5 

4 0.0 0.1 1.1 

5 0.0 0.0 1.0 

 

 

Fig. 24: Principal components of the normalized reflection spectra of broccoli curds (A) 
and of their 1st (B) and 2nd (C) derivative (N=4305). Values of the 2nd derivative were spline-
interpolated. Only PCs explaining ≥ 1 % of variance were plotted. Broccoli was harvested 
throughout the season 2012 (June-September) and stored for 4 days at 16 °C and high RH 
(~95 %). 

These results indicated that the variation in the pattern of diffuse reflection spectra of 

broccoli in the range of 450 to 1000 nm was fully explained by the differences of inflection 
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point in the relatively narrow range of 680 to 730 nm. The diversity of the slope of spectra 

was particularly remarkable when PCs of the 2nd derivation of spectra were plotted (Fig. 

24). The slope region is commonly referred to as the red edge and is also hosting the 

above mentioned vegetation index NDVI (3.2.1.3).  

The REIP of the recorded spectra was located in the range of 692 to 723 nm. Further 

analysis of REIP of broccoli batches harvested in 2012 mostly showed a decline during 

DS (Fig. 25). Only REIP of broccoli harvested on September 24th stayed at the same level 

(Fig. 25). The first significant differences were observed on day 3 of DS (Fig. 25). REIP 

values at the beginning of storage were mainly on the same level. Only broccoli of 

unmarketable quality (harvest from July 18th) had much lower initial REIP values. 

 

Fig. 25: Red edge inflection point of spectra in the range 680-730 nm (mean ± confidence 
interval) of seven broccoli batches harvested throughout the 2012 growing season. 
Storage was done at 16 °C and high RH (~95 %). Different letters indicate significant 
differences within one batch. 

The NDVI calculated on seven broccoli batches harvested in 2012 showed a significant 

decline during DS on four batches, whereas three batches remained on the same level 

(Fig. 26). Values of NDVI ranged from 0.59 to 0.87. The first significant changes were 

observed on day 3 (Fig. 26). In contrast to REIP, NDVI values varied greatly in different 

harvest batches measured at the beginning of DS. However, this did not influence further 

trends in the NDVI of the respective batches during storage (Fig. 26). 
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Fig. 26: NDVI (mean ± confidence interval), calculated as [(R780 – R675) / (R780 + R675)], 
where R675 is the reflection intensity at λ = 675 nm. Seven broccoli batches were 
harvested throughout the 2012 growing season and stored at 16 °C and high RH (~95 %). 
Different letters indicate significant differences within one harvest batch. 
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5.1.3. Hyperspectral imaging 

As shown by spot measurements, the analysis of the red edge region of broccoli spectra 

indicated changes within a reasonable period of time during DS. Due to their complex 

morphology, changes within individual broccoli curds can be expected to occur 

inhomogenously, based on the senescence of single buds (3.1.5).  

In order to grade differences in reflection intensity within single broccoli curds during 

storage, classification procedures (Iso-Data, Fuzzy-c-means) were conducted. For the 

classification of hyperspectral images, the first three PCs were used, which explained 93 

and 94 % in total of the variance on day 1 and day 4 of storage, respectively. Different 

wavelength ranges including the red edge region were chosen for classification. However, 

the applied classification procedures did not lead to significant differences between 

classes, showing a high standard deviation within image classes (Fig. 27). 

 

Fig. 27: Reflection spectra of classes (mean ± stdev) derived by the Fuzzy-c-means 
classification of bands 262-288 of hyperspectral images (~ wavelengths 700 - 730 nm) of 
one broccoli curd harvested on September 9th, 2013 after 1 and 4 days of storage at 16 °C 
and high RH (~95 %). 

The differences between reflection intensities were obviously not distinct enough to sort 

into classes. Instead, the classification procedures applied mainly distinguished reflection 

intensities from the outer and inner regions of the broccoli curd (Fig. 28). It can be 

assumed that the equal area normalization pre-treatment of the hyperspectral data 

mitigated the effect of the illumination to an extent, but did not eliminate it entirely. Due to 

the curved shape of the broccoli curd, equal area normalization might not be a sufficient 

pretreatment. Further data preprocessing techniques are applied in remote sensing 
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image analysis (Richards & Jia 2006, p. 39), but are considered too elaborate for 

application to broccoli. 

When more than three classes were used as a classification target, the classified regions 

as shown in Fig. 28 were further subdivided, which likewise did not result in significant 

differences between classes. 

 

Fig. 28: Result of Fuzzy-c-means classification (target: 3 classes) of principal components 
1-3 after equal area normalization. Broccoli harvested on September 9th, 2013 after 1 (A) 
and 4 (B) days of storage at 16 °C and high RH (~95 %). 

These results demonstrated that the classification of hyperspectral images of broccoli 

curd surfaces was unsuccessful in rating quality differences within the curds. As an 

alternative, the Euclidean distances between reflection intensities of pixels within different 

wavelength ranges were measured. It was clearly observed that both Euclidean distances 

and variance of distances within broccoli curds increased during storage at 16 °C (Table 

6). The mean and variance of Euclidean distances were much higher in hyperspectral 

images after four days, when compared to the beginning of DS (Table 6). This applied to 

the overall VIS spectrum and was most prominent in the range of 530 to 650 nm. In the 

range of the red edge, mean values and variance of Euclidean distances rose to a much 

lesser extent (Table 6). 
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Table 6: Statistics regarding Euclidean distances within hyperspectral images of broccoli 
(n = 5) during storage at 16 °C and high RH 95 %. 

  
Wavelength range 

 

Euclidean 
distance 

600-700 nm 

530-650 nm 

692-723 nm  
(2nd Absorption peak 

chlorophyll a + b) 
(Red Edge) 

day 1 
Mean 104.84 123.29 98.46 

Variance 4952.88 7696.01 4897.51 

day 4 
Mean 162.36 187.53 109.61 

Variance 13064.69 17248.84 5573.91 

 

Indeed, the increase of Euclidean distances in the range of 530-650 nm might have 

resulted from an overall increase of reflection intensity in this region, as observed in the 

spot measurements of diffuse reflection (5.1.2). The increase, however, did not take place 

homogenously, as the variance of Euclidean distances rose (Table 6). The variation 

among different reflection intensities of image pixels was therefore plotted as composite 

images, where reflection intensities at three different wavelengths (530, 590, and 650 nm) 

were placed as red, green and blue image channels, respectively (Fig. 29). The use of 

three wavelengths truly demonstrated the increase in the variation of reflection intensities 

in the images (Fig. 29). Within composites, brightness is shown in relation to the pixel 

with maximum recorded reflection intensity. Thus the variation in the images on day 4 of 

storage most likely resulted from higher reflection intensities, as more pixels showed 

brighter colors, since they were closer to the maximum recorded reflection intensity. The 

composite images obtained demonstrated that the overall increase in reflection intensities 

can be suitable for more elaborate quality ratings, although it was useful neither for the 

PCA of single spectra nor for the classification of images. 
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Fig. 29: Reflection intensities of two broccoli curds after equal area normalization 
at wavelengths of 530, 590 and 650 nm on day 1 (A) and day 4 (B) of storage at 16 °C and 
high RH (~95 %). 

When the Euclidean distances were plotted on a three dimensional scatter plot, it was, 

however, observed that reflection intensities measured at initial and late storages 

overlapped in several regions (Fig. 30). The shift of reflection intensities to another sector 

of the three-dimensional space therefore occurred rather gradually. The scatter plot 

illustrates the fact that differences observed cannot be distinguished through 

classification procedures, as no distinguishable dot clusters were observed (Fig. 30). 
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Fig. 30: Array of reflection data of normalized hyperspectral images at wavelengths 
530 nm, 650 nm and 590 nm. Pixel-wise reflection intensity of one broccoli curd after 1 
(pink) and 4 (black) days of storage at 16 °C and high RH (~95 %). Image data were 
randomly reduced to 1 %. 

The mean Euclidean distances of hyperspectral images were highly correlated with the 

mean b* value of six arbitrary measurements per broccoli curd (Fig. 31). The information 

derived from the increasing variation within the broccoli curd was therefore similar to the 

information derived from spot measurements of b* values. 
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Fig. 31: Relationship between means of the CIELAB parameter b* (n = 6 measurements / 
broccoli) and mean Euclidean distances of hyperspectral images of broccoli on day 1 and 
4 of storage at 16 °C and high RH (~95 %).

5.1.4. Chlorophyll fluorescence 

Photosynthesis of broccoli curds harvested in 2012 was measured as maximum 

photochemical efficiency (Fv/Fm) and as actual photon yield of photosynthetic electron 

transport (ΦPSII) throughout DS. The parameter Fv/Fm provides information about the 

potential photosynthetic capacity, whereas ΦPSII, which is measured in light-adapted 

conditions, is a measure of the actual photosynthetic efficiency at that time. In June 2012, 

the chlorophyll fluorescence was measured by means of a fluorescence imaging system 

(4.5.1). From July onwards, spot measurements were conducted.  

The values of Fv/Fm decreased significantly in five out of seven harvested broccoli 

batches during DS (Fig. 32). Two harvested batches (August 30th, September 24th) did 

not show any changes (Fig. 32). Significant changes in Fv/Fm were observed from day 2 

onwards in three different harvest batches (Fig. 32). 
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Fig. 32: Maximum photochemical efficiency (Fv/Fm) (mean ± confidence interval) of seven 
broccoli batches harvested throughout the 2012 growing season. Storage was conducted 
at 16 °C and high RH (~95 %). Different letters indicate significant differences within one 
batch between different storage days. 

The values of Fv/Fm measured by means of fluorescence imaging were lower than values 

measured on single spots of the broccoli curd (Fig. 32). Broccoli harvested on July 18th 

that was not of marketable quality (4.1.1) exhibited high values of Fv/Fm (Fig. 32). 

Values of ΦPSII declined in all investigated harvested batches, including that from 

September 24th (Fig. 33). However, in two batches (June 25th, September 24th) values on 

day 4 of DS had recovered and were then similar to initial values (Fig. 33). ΦPSII values 

of harvest batches measured by fluorescence imaging were much lower than in those 

measured by MiniPAM and PAM 2000 (Fig. 33). The non-marketable broccoli curds 

harvested on July 18th exhibited the highest initial values of photosynthetic yield ΦPSII (Fig. 

33). 
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Fig. 33: Actual photon yield of photosynthetic electron transport ΦPSII (mean ± confidence 
interval) in six broccoli batches harvested throughout the 2012 growing season. The frame 
for August 30th was intentionally left blank (missing values). Storage was conducted at 
16 °C and high RH (~95 %). Different letters indicate significant differences within one 
batch between different storage days. 

On the first day of DS, Fv/Fm values of broccoli harvested on August 30th were lower than 

values of three other batches (Fig. 34). On the next day, all broccoli batches were on the 

same level of maximum photochemical efficiency (Fig. 34). After 4 days, Fv/Fm values of 

broccoli harvested on July 9th and on September 11th had declined at different levels, 

whereas the broccoli batches from August 30th and September 24th remained on a high 

level (Fig. 34). Broccoli harvested on July 18th was at an intermediate level on day 4 of 

storage (Fig. 34). 
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Fig. 34: Maximum photochemical efficiency (Fv/Fm) of five broccoli batches during 4 days 
of storage at 16 °C and high RH (~95 %). Batches were harvested throughout the 2012 
growing season. Different letters indicate significant differences between broccoli batches 
on the respective storage days. 

Imaging of the chlorophyll fluorescence with the FluorCam 690 MF device resulted in 

lower values than devices which measured the fluorescence at single spots (Fig. 33 & 

Fig. 34). The consideration of spatial distribution of Fv/Fm in fluorescence images showed 

some variation within broccoli curds (Fig. 35). Apart from the possible illumination effects 

on the edge, single regions with lower Fv/Fm values as indicated by the white arrow in 

Fig. 35 may function as early indicators of further quality decline in this region of the curd. 

 

Fig. 35: Maximum photosynthetic capacity (Fv/Fm) of one broccoli curd harvested on June 
8th, 2012 on days 1, 2, 3 and 4 of storage at 16 °C and high RH (~95 %). False color scale 
ranges from 0.55 (red) to 0.75 (blue). White arrow points at growing spot of lower Fv/Fm 
values. 
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5.2. External influences 

Except for one broccoli batch harvested on July 18th 2012, all broccoli perfectly met the 

quality standards following trade regulations (UNECE 2010) at the time of harvest. 

Nevertheless, there were great differences in the yellowing of broccoli among batches 

during DS, as demonstrated through the different optical measurements (5.1). 

Assuming that conditions of harvest and transport were comparable for all batches, in this 

chapter the role that cultivation conditions play in postharvest processes is highlighted. 

Differences in cultivation, namely variations of covers and fertilizer as well as climate 

influences were considered regarding their effect on storability. 

5.2.1. Cultivation factors 

The broccoli used for examinations was field grown under best practice conditions, partly 

with a variation in cultivation methods (4.2). As demonstrated in chapter 5.1, all quality 

indexes measured by different non-destructive devices were significantly influenced by 

the interaction of harvest batch and storage day during DS. In the statistic model of 

ANOVA (4.7.1), the additional influence of other factors involved in the cultivation was 

rated simultaneously to both storage time and harvest batch. The model was applied to 

several optical quality indexes (Table 7). The impact of cultivation systems on broccoli 

varied, depending on the quality index used (Table 7). 

Table 7: Levels of significance (analysis of variance) for the main and interactive effects 
of storage and cultivation factors on non-destructive quality indexes. 

 Color values  Reflection indices 

 L* b* hue NDVI REIP 

Harvest batch * * *  * * 

Storage day * * *  * * 

Net cover n.s. n.s. n.s.  n.s. n.s. 

Plastic film cover * * n.s.  * * 

Fertilizer * n.s. n.s.  * n.s. 

Storage day x Harvest batch * * *  * * 

Storage day x Net cover n.s. n.s. n.s.  n.s. n.s. 

Storage day x Plastic film 
cover * * * 

 
* * 

Storage day x Fertilizer n.s. * n.s.  n.s. n.s. 

n.s. – not significant; * p ≤ 0.05 

 

Covering the broccoli curds with protection nets during curd growth (4.2.3) did not have 

any effect on color or reflection indexes (Table 7). In contrast, the differences in light 
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quality caused by different plastic film covers during the curd growth phase had a 

significant influence on all optical indexes in the course of storage (Table 7).  

Different plastic film covers were applied from button stage onwards on two batches of 

broccoli during the 2012 growing season (4.2.2). Multiple pair-wise comparisons showed 

that broccoli covered with a blue film had significantly higher b* values on day 4 of DS 

compared to broccoli grown under both green and transparent covers or left uncovered 

(Fig. 36). Regarding other quality indexes, broccoli grown under the blue cover showed 

differences to other variants: It was lighter in color compared to uncovered curds (L*) and 

exhibited both lower REIP and NDVI values compared to broccoli covered with green 

plastic films (Fig. 36). Furthermore, it had a lower maximum photochemical efficiency 

(Fv/Fm) than broccoli grown under other cover films and lower ΦPSII values than broccoli 

grown under transparent covers (Fig. 36). A temporary reduction of the visible range of 

the electromagnetic spectrum to wavelengths of ~400 to 500 nm therefore induced an 

increase in senescence. 

Fig. 36: Non-destructive quality indexes of two broccoli batches grown under different 
covers from button stage onwards or uncovered (≙“none”) after 4 days of storage at 16 °C 
and high RH (~95 %). Different letters indicate significant differences between cover types 
on storage day 4. Some error bars are hidden by symbols. 
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Reduced fertilization had a significant effect both on the lightness parameter L* and the 

NDVI of broccoli (Table 7). Other non-destructive indexes were not affected (Table 7). 

Analysis of NDVI-levels within the single broccoli batch which was cultivated under 

varying fertilization (July 9th 2012) indicated a relationship between NDVI and nutrient 

supply. The NDVI values of broccoli grown at low fertilization were significantly lower than 

those of broccoli with an optimum or increased fertilizer supply (Fig. 37). Additionally, on 

day 4 of storage, NDVI values of over-fertilized broccoli were significantly lower than 

those of curds with an optimum supply (Fig. 37). 

 

Fig. 37: Lightness L* and NDVI (R780 – R675) / (R780 + R675) of broccoli harvested on 
July 9th 2012, during 4 days of storage at 16 °C and high RH (~95 %). Non-overlapping 
confidence limits are significantly different (α = 0.05). 

Regarding CIELAB readings, a similar relationship was observed concerning L* values of 

broccoli with a different fertilizer supply (Fig. 37). Significantly lower values of NDVI in the 

low-level variant were only observed on day 1 and day 4 of storage, whereas L* values 

were significantly higher throughout the whole storage period (Fig. 37). L* values did not 

show differences between broccoli that was over-fertilized compared to optimum supply 

(Fig. 37). The reported differences in NDVI and L* readings for different fertilizer levels 

were absolutely indistinguishable by visual rating. 

It should, however, be noted that different fertilizer doses in this batch did not show any 

effect on the storability of broccoli, because the interaction of the factors (storage day x 

fertilizer) did not influence NDVI or L* values (Table 7).  
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The yellowing parameter b* was influenced by different fertilizer levels of broccoli during 

DS (Table 7). However, multiple pair-wise comparisons did not indicate differences 

between differently treated broccoli curds on single storage days. 

Levels of fertilization were also available for the other broccoli batches cultivated during 

the 2012 growing season. Although the conditions of application and soil characteristics 

varied between the planting sites, fertilization had a strong influence on both NDVI and 

L* values (Fig. 38). 

As presented in chapter 5.1.2, the initial NDVI values of broccoli batches harvested in 

2012 varied greatly. Considering the amount of nitrogen fertilizer applied (Fig. 38), it was 

found that NDVI values on storage day 1 were highly dependent on fertilization, following 

a quadratic relationship (R² = 0.73). The doses of nitrogen fertilizer applied throughout 

cultivation ranged from 3.7 to 16.5 g per plant (Table 2). Consecutive fertilizer doses had 

been summed up during the cultivation period of the respective harvest batch. On storage 

day 4 of DS, no further relation was found between fertilization and NDVI (R² = 0.14; Fig. 

38). 

 

Fig. 38: NDVI (R780 – R675) / (R780 + R675) of seven broccoli batches on day 1 and 4 of 
storage corresponding to amounts of nitrogen fertilizer (g/plant) applied during cultivation. 
Batches were harvested throughout the 2012 growing season and stored at 16 °C and high 
RH (~95 %) for 4 days. Fertilization in batch harvested on July 9th was varied. 

The relationship between nitrogen fertilization and L* values was very similar to that of 

NDVI (Fig. 39). On storage day 1, L* values followed a quadratic relationship as well, 

depending on the amount of nitrogen applied during cultivation (R² = 0.70). In the progress 

of DS, the relationship was again completely dissolved (Fig. 39). 

R² = 0.73 
R² = 0.14 

- - - - 95% Prediction limits   ----------- Regression  
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Fig. 39: Lightness L* of seven broccoli batches on day 1 and 4 of storage, corresponding 
to amounts of nitrogen fertilizer (g/plant) applied during cultivation. Batches were 
harvested throughout the 2012 growing season and stored at 16 °C and high RH (~95 %) 
for 4 days. Fertilization in batch harvested on July 9th was varied. 

It is clear that although the amount of applied nitrogen fertilizer highly determined both 

the lightness and NDVI of broccoli curds, it had no effect on the further development of 

these indexes during storage. 

R² = 0.70 R² = 0.04 

- - - - 95% Prediction limits   ------------ Regression  
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5.2.2. Climatic factors 

Throughout the cultivation periods of broccoli curds in 2012 and 2013, data from 

electronic weather stations was recorded (4.1.2). In 2012, the cultivation period of 

individual broccoli batches decreased towards the peak growing season (Fig. 40). Thus, 

the number of days to maturity was lowest in the batch cultivated from July 6th to August 

30th, 2012 (Fig. 40). Regarding comparable harvest dates in both years, the cumulative 

mean daily temperatures (degree days) were higher in 2013 than in 2012 (Fig. 40). 

Corresponding maturation periods were longer in 2013 than in 2012 (Fig. 40). The degree 

days during cultivation intervals ranged from 875.4 °Cd to 1332.3 °Cd (Fig. 40). The 

degree days of batches harvested in September were higher than in earlier batches (Fig. 

40; DOY 243).  

However, these seasonal trends in temperature sums did not correspond to the variation 

of broccoli quality indexes presented in chapter 5.1. Temperature sums as well as 

cultivation periods were not directly related to quality attributes. 

 

Fig. 40: Time required for curd development (planting to harvest) and corresponding sum 
of temperatures during the growing season, lasting from day of year (DOY) 160 = June 8th 
to DOY 269 = September 26th. 

Based on a literature review, the climatic characteristics that were identified as affecting 

the quality of broccoli were examined (3.1). The analysis was conducted by means of 

database query, enabling investigations of climatic conditions during particular phases of 

individual plantations through a combined approach (4.7.4).  
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As the seasonal pattern of temperatures alone did not result in any information regarding 

subsequent broccoli yellowing, the weather conditions which were likely to influence 

postharvest quality were regarded in more detail. Hours with air temperatures higher than 

25 °C, as provided by the attendant weather stations, were counted by data base query 

(4.7.4). During a growth phase of 16 to 24 days before harvest, temperatures higher than 

25 °C were recorded up to 52 times (Fig. 41). In three batches from the year 2012 (June 

25th, August 30th, September 24th) no temperatures above 25 °C were recorded during 

the respective phase (Fig. 41). On the first day of DS, different quantities of hours above 

25 °C were of no consequence for the color of broccoli curds (Fig. 41). Instead, batches 

were within the same value range of hue angle, except broccoli harvested on July 18th, 

2012 (Fig. 41). On day 4 of DS, there was a trend of decreasing hue values depending 

on the amount of hours with temperatures above 25 °C (Fig. 41; R² = 0.29). Thus, when 

broccoli batches were cultivated in a hot period totaling more than 25 hours of 

temperatures above 25 °C during curd formation, yellowing during DS was more likely. 

 

Fig. 41: The hue angle of broccoli curds related to the number of hours exceeding 25 °C 
during the cultivation period of 16 to 24 days before harvest. Broccoli batches were 
harvested in 2012 and 2013 and stored for four days at 16 °C and high RH (~95 %). Hue 
angle: 90° = yellow, 180° = bluish-green. Lines: solid = regression; dashed = 95 % 
prediction limits. 

Regarding solar radiation during the same growth interval of 16 to 24 days before harvest, 

hourly values over 600 W/m² were recorded 2 to 23 times, depending on the harvest 

batch (Fig. 42). Similar to heat hours, on day 1 of DS, hue angle was not influenced by 

hours with high radiation (Fig. 42; R² = 0.05). In contrast, after 4 days of DS, there was a 

linear dependency of hue angle values on radiation intensity (Fig. 42; R² = 0.47). Thus, 

R² = 0.00 R² = 0.29 
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the influence of high radiation on subsequent broccoli yellowing was more pronounced 

than that of heat. Harvest batches from June 08th, July 18th and September 11th of the 

year 2012 were grown under more than 17 hours of high solar radiation exceeding 600 

W/m² in the respective period of time (Fig. 42). This resulted in lower hue angle values 

after DS (Fig. 42). It is also certainly the case that the two climatic influences of solar 

radiation and high temperatures are strongly interrelated. 

 

Fig. 42: The hue angle of broccoli curds related to the number of hours with radiation 
exceeding 600 W/m² during the cultivation period of 16 to 24 days before harvest. Broccoli 
batches were harvested in 2012 and 2013 and stored for four days at 16 °C and high RH 
(~95 %). Hue angle: 90° = yellow, 180° = bluish-green. Lines: solid = regression; dashed = 
95 % prediction limits. 

Additionally, the influence of water provided during cultivation on broccoli yellowing was 

investigated, taking both precipitation and irrigation into account. The sum of rainfall and 

irrigation in the last 14 days of cultivation accounted for a range of 20.1 to 97.3 L m-², 

depending on the harvest batch (Fig. 43). On the first day of DS, b* values were not 

affected by differences in water availability before harvest (Fig. 43). After four days of DS, 

there was a strong linear dependency of the parameter b* on the amount of irrigation and 

rainfall (Fig. 43; R² = 0.71). Water received by broccoli curds in the last two weeks before 

harvest therefore had a strong determination effect on further storability. 

R² = 0.05 R² = 0.47 
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Fig. 43: b* values of broccoli curds related to the sum of water (precipitation + irrigation) 
received during the fortnight preceding harvest. Broccoli batches were harvested in 2012 
and 2013 and stored for four days at 16 °C and high RH (~95 %). No irrigation data was 
available for broccoli harvested on June 25th, 2012. Lines: solid = regression; dashed = 
95 % prediction limits.

R² = 0.04 

R² = 0.71 
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5.3. Physiology of broccoli curds 

Yellowing not only varied between different broccoli batches, but also between individual 

curds in the same batch. The edible broccoli curd is a generative plant organ. In order to 

investigate if those differences among curds of the same batch were related to varying 

generative development, the diameters of both bud and curd sizes were measured. 

Results are presented in the following subchapter. 

5.3.1. Curd development 

To determine the influence of the physiological curd stage on subsequent yellowing, 

broccoli with various curd sizes were harvested on three allotments of a commercial field 

in August 2011. All broccoli were planted at the same time, yet curds had clearly 

proceeded differently in growth and presumably in generative development (4.3.1). 

The diameters of buds on the broccoli curds harvested in August 2011 ranged from 0.89 

to 3.05 mm, following a normal distribution (Fig. 44). Regarding the three neighboring 

allotments of the field, the buds of broccoli curds harvested on the second and third 

allotment were more uniform compared to the buds of broccoli from the first allotment 

(Fig. 44). This was indicated by a greater variance of buds on broccoli harvested on 

allotment 1, as well as a flatter distribution of bud diameter classes (Fig. 44). The edge 

and center of broccoli curds showed a similar distribution of classes in accordance with 

the allotment where curds had been harvested (Fig. 44). Therefore, the position of the 

buds on the curd did not influence uniformity characteristics. 
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Fig. 44: The diameters of single buds of broccoli on different regions of the curd. Broccoli 
was harvested from different field allotments on August 4th, 2011. 

The broccoli harvested from allotments 2 and 3 were further examined regarding the size 

of both curds and buds in relation to hue angle (Fig. 45). Curd diameters were between 

11.3 and 17 cm. Bud diameters showed only a weak relationship to hue angle after 8 

days of storage at 10 °C (Fig. 45). The relationship between curd diameters and hue 

angle was stronger, although still not very pronounced (Fig. 45). Curd and bud diameters 

did not correspond (Fig. 45). 

In investigations from the following growing season 2012, the relationship between curd 

diameter and hue angle was further evaluated. After harvest, the curd diameters of seven 

batches of broccoli harvested throughout the season 2012 (N = 264) were measured 

before they were transferred into storage chambers. The curd diameters were plotted 

against hue angle values after four days of DS (Fig. 45). 
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Fig. 45: The curd and bud diameters of broccoli harvested on August 4th, 2011, plotted 
against hue angle after 8 days of storage at 10 °C and high RH (~95 %). Asterisks indicate 
significant Pearson correlations. 

There was a trend of larger curds resulting in lower hue angle values after four days of 

DS (Fig. 46). This was observed in four broccoli batches harvested during June and July 

(Fig. 46). The harvest batches of August 30th and September 24th retained their color 

throughout DS independent of curd size (Fig. 46). The hue values of broccoli harvested 

on September 11th showed a strong variation which was not related to curd size (Fig. 46). 

r = 0.31  

r = -0.56* 

r = -0.39* 
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Fig. 46: Curd diameter of seven broccoli batches harvested throughout the 2012 growing 
season and plotted against hue angle after 4 days of storage at 16 °C and high RH (~95 %). 
Asterisks indicate significant Pearson correlations. 

Curd size played a clear role in subsequent yellowing during storage, although the effect 

was limited to broccoli grown in the earlier season (Fig. 46). The size of single buds, on 

the other hand, was only slightly correlated to yellowing during storage and had no 

relation to curd size. 

5.3.2. Pigment composition 

In harvested broccoli, photosynthetic pigments were analyzed by means of high pressure 

liquid chromatography (HPLC). Bud material of two to three broccoli curds from five 

harvest batches was used in repeat determination. The concentrations of green 

chlorophyll degradation products were determined by the use of a fluorescence detector 

next in line to the HPLC.  

5.3.2.1. Chlorophyll degradation 

During DS, the chlorophyll concentrations of broccoli harvested throughout the 2012 

growing season and studied for more than two storage days declined (Fig. 47). 

Chlorophyll concentrations of broccoli harvested in late September showed a tendency 

to increase from day 1 to day 2, which turned out to be insignificant (Fig. 47). On the first 

day of DS, chlorophyll concentrations in broccoli maintained their high level. 

r = -0.79* r = -0.52* r = -0.62* 

r = 0.01 r = -0.28 

r = -0.74* 

r = -0.36 
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Concentrations ranged from 64 to 72 mg 100 g-1 FW and from 19 to 22 mg 100 g-1 FW 

for chlorophyll a and b, respectively (Fig. 47).  

The first significant changes in chlorophyll a were observed on day 3, whereas significant 

changes in chlorophyll b already appeared on day 2 (Fig. 47).  Broccoli florets from curds 

harvested in August showed a high level of chlorophyll a (52 mg 100 g-1 FW) and b 

(14 mg 100 g-1 FW) on day 4 of DS compared to other batches (Fig. 47). 

 

Fig. 47: Concentrations of chlorophyll a and b in five broccoli batches harvested 
throughout the 2012 growing season. Storage was conducted at 16 °C and high RH 
(~95 %). Mean ± Confidence interval (n = 2-3, repeat determination). Different letters 
indicate significant differences within one harvest batch. 

In order to highlight the specific relationship between chlorophyll a and b during DS, the 

ratio of detected amounts in single broccoli were calculated on the basis of molar terms 

(Fig. 48). By fitting a quadratic regression to the calculated ratios, it can be assumed that 

there was an initial phase where chlorophyll a rose in relation to chlorophyll b (Fig. 48). 

This phase of relative chlorophyll a enrichment was still present in the August harvest 

batch until the end of DS (Fig. 48). In broccoli harvested in June, July and September, 

the relative chlorophyll a enrichment appeared to have already passed its peak (Fig. 48). 
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Fig. 48: Chlorophyll a/b ratio based on molar terms. Concentrations determined in broccoli 
curds from four batches harvested throughout the 2012 growing season. Storage was 
conducted at 16 °C and high RH (~95 %). 

In the further degradation pathway, chlorophyll a may be degraded rather to Chlide or to 

Pheoin. The last green chlorophyll derivative is Pheoide, further catabolites are red or 

colorless instead (3.2.3). Detected concentrations of chlorophyll derivatives in the broccoli 

were in general very low compared to concentrations of chlorophylls a and b (Fig. 49). 

However, by using a fluorescence detector in combination with liquid chromatography, it 

was possible to study their amounts on ppm-scale (< 1 mg 100 g-1 FW). Amounts of 

Chlide in broccoli harvested in June, July and August showed a declining trend during DS 

(Fig. 49). Chlide concentrations detected on the day of harvest, June 08th, were more 

than 4 times higher than on day 4 of DS. The next day one broccoli curd still contained a 

high amount of Chlide (6.12 mg 100 g-1 FW), whereas the Chlide concentration of 

another broccoli was similar to that of other harvest batches on the first two days of 

storage (2-3 mg 100 g-1 FW). These results suggest that Chlide might decline very quickly 

after harvest, compared to chlorophyll a and b. Absolute amounts of the chlorophyll 

catabolites Pheoin and Pheoid did not show much variation throughout DS (Fig. 49).  

R² = 0.81 R² = 0.54 R² = 0.94 R² = 0.59 
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Fig. 49: Chlorophyll derivatives detected in broccoli from five batches harvested 
throughout the 2012 growing season. Storage was conducted at 16 °C and high RH 
(~95 %). Each dot represents the concentration in florets of a single broccoli. 

In addition to absolute amounts, the ratios of chlorophyll to its derivatives have also been 

considered in order to reflect possible decomposition patterns during storage (Fig. 50). 

Broccoli harvested in August showed an increase in the ratio of chlorophyll a to the sum 

of green chlorophyll derivatives during DS (r = 0.87), whereas the ratio was declining in 

broccoli harvested in September (r = -0.93; Fig. 50). As chlorophyll a is the precursor of 

green chlorophyll catabolites (3.2.3), a relative enrichment of chlorophyll a might indicate 

slow and moderate chlorophyll degradation. A quick trickle down along the chlorophyll 

degradation pathway would, on the contrary, result in a relatively higher proportion of 

chlorophyll derivatives over time and therefore a decline in the ratio. The gradients of 

chlorophyll a in relation to green chlorophyll derivatives appeared to accurately reflect 

both the green color retention (August) and color change (September) taking place in 

these two harvest batches (Fig. 19). In other harvest batches, no clear trend in the relation 

of chlorophyll a and its catabolites could be discerned. 
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Fig. 50: Chlorophyll a divided by the sum of green chlorophyll derivatives in molar terms. 
Pigments were detected in broccoli curds harvested on August 30th and September 11th, 
2012. Storage was conducted at 16 °C and high RH (~95 %). 

In figuring the ratio of Pheoin to chlorophyll a, a trend towards increasing proportions of 

Pheoin was detected (Fig. 51). However, correlations of storage day and ratio of Pheoin 

to chlorophyll a were only significant in the August and September harvest batches, but 

not in those of June and July (Fig. 51). The highest ratios of Pheoin to chlorophyll a were 

found in broccoli harvested in June (Fig. 51). 

 

r = -0.93* 
r = 0.87* 
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Fig. 51: Quotient of Pheoin divided by chlorophyll a in molar terms. Concentrations 
determined in broccoli curds of five batches harvested throughout the 2012 growing 
season. Storage was conducted at 16 °C and high RH (~95 %). 

5.3.2.2. Carotenoids during storage 

Carotenoids were analyzed in broccoli during DS in order to clarify which molecules were 

responsible for yellowing and if there was a rearrangement among them. ß-Car, Lut, Nx 

and Vx were quantified in broccoli by means of HPLC in line with a diode array detector 

(Fig. 52). In June, July and August, the concentrations of ß-Car were higher than 

concentrations of other carotenoids (Fig. 52). In broccoli harvested in September, Lut was 

initially found in higher amounts than ß-Car (Fig. 52).  

In addition to the carotenoids mentioned, the HPLC-chromatogram also indicated the 

presence of a carotenoid identified by its spectrum as auroxanthin (Aux). Aux was initially 

found in yellow varieties of Viola tricolor (Karrer & Rutschmann 1942) and may therefore 

also be located in the broccoli petals. Concentrations of Aux could not be quantified in 

the present work because standard solutions of Aux were not commercially available. 

Regarding the progression of carotenoid concentrations in the harvested broccoli batches 

during DS, there was a trend of Lut decreasing during DS, which was significant in the 

early September harvest batch (Fig. 52). Additionally, Nx concentrations showed a 

decrease during DS, with significant changes on day 3 (June harvest) and day 4 (July 

and early September harvest) (Fig. 52). Vx concentrations remained at the same low level 

throughout DS (Fig. 52). Concentrations of Lut and ß-Car in single broccoli varied a lot 

r = 0.84* 

r = 0.51 r = 0.14 

r = 0.87* 
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regarding harvest batches of June and July: In June, ß-Car concentration was 

significantly higher on day 1 compared to day 3, but concentrations did not follow a 

reasonable pattern. In the early September harvest batch, concentrations of ß-Car on 

storage day 4 rose significantly above the level of the other storage days (Fig. 52).  

 

Fig. 52: Levels of carotenoids in five broccoli batches harvested throughout the 2012 
growing season. Storage was conducted at 16 °C and high RH (~95 %). Mean ± 95 % 
confidence interval (n = 2-3, repeat determination). Overlapping confidence intervals are 
not significantly different (α = 0.05). 

In summary, the changes in carotenoid concentrations were very small compared to 

changes in chlorophyll concentrations. When the two pigment groups were compared, 

the carotenoid changes were of no consequence, because chlorophyll was present in 

much higher concentrations and was, most notably, degraded to a much higher extent 

(Fig. 53). Chlorophyll is degraded down to colorless molecules which unmasked the 

carotenoids present in the plant tissue (3.2.3). It is therefore assumed, that the intensity 

of chlorophyll degradation was responsible for the level of yellowing in the broccoli curds 

analyzed. 
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Fig. 53: Sum of chlorophylls (mean chlorophyll a + b, Chlide, Pheoin, Pheoide) and 
carotenoids (mean β-Car, Nx, Vx, Lut) detected in broccoli from five batches harvested 
throughout the 2012 growing season. Storage was conducted at 16 °C and high RH 
(~95 %). 

This relation can also be demonstrated by the chlorophyll and carotenoid profiles of single 

broccoli curds in relation to their optical appearance. On the first day of DS, chlorophyll a 

accounted for more than one half of total photosynthetic pigments, calculated in molar 

terms (Fig. 54). Chlorophyll and its derivatives together accounted for more than 80 % of 

photosynthetic pigments (Fig. 54). When the proportion of chlorophyll molecules 

decreased, carotenoids increasingly determined broccoli color (Fig. 54). It was therefore 

shown that the yellowing of broccoli was the result of the loss of chlorophyllous pigments 

and the concomitant increase in the proportion of carotenoids (Fig. 54). 
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Fig. 54: The proportion of pigments (molar terms) in one broccoli curd harvested on 
June 8th, 2012 on harvest day (A) and on day 3 of storage at 16 °C and 95 % RH (B). 
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6. Discussion 

6.1. Sensitivity of non-destructive indexes postharvest 

The results presented in chapter 5.1 demonstrated that the storability of different broccoli 

batches harvested throughout the season 2012 showed a great deal of variation. This 

variation was detectable through all the optical measuring systems used in the present 

work. As shown in section 5.1, the correlation coefficients among the optical parameters 

hue angle, REIP and Fv/Fm increased as quality declined. In contrast, the indexes of 

broccoli which preserved green color were not related. Similar relationships have been 

detected among nondestructive indexes (Fm, a*, NDVI) in two apple cultivars (Zdunek & 

Herppich 2012). Indexes of ‘Pinova’ apples that contained a wide range of chlorophyll 

contents showed higher correlation coefficients than indexes of ‘Topaz’ apples, which 

were more uniform (Zdunek & Herppich 2012).  

Apart from a certain background noise, the ranges of uncorrelated values possibly 

indicated a superior sensitivity of some methods towards quality decline during storage 

compared to others. In this sense, a perfect correlation between the parameters would 

indicate that the information provided by different measuring systems was equal. In order 

to discuss which of the optical quality indexes was most sensitive, significant differences 

among parameters on successive storage days are considered in more detail in the 

following sections. 

6.1.1. Color measurements 

With the help of CIELAB parameters, it was possible to detect very small differences in 

broccoli color which were hardly visible to the human eye. Particularly, the use of the 

parameter b* made it possible to successfully detect initial changes at the very beginning 

of DS (Fig. 20). The index b* represents the characteristics of colors on a scale ranging 

from blue to yellow, following the eye's color-receptive perception (Minolta 1996). Thus, 

an isolated aspect of color is able to rate differences in broccoli color very accurately in 

absolute amounts and to show differences between storage days and different harvest 

batches very quickly. Despite the quality differences in the batch harvested on July 18th, 

the initially detected values of b* were similar to those of other investigations of broccoli 

reported in the literature. This held true even when different cultivars were used, e.g. 

‘Parthenon’ and ‘Monaco’ (Gnanasekharan et al. 1992; Ren et al. 2006; Fernandez-Leon 

et al. 2012). 

However, the single use of a* and b* has been criticized, as those are “merely coordinates 

that indirectly reflect hue and chroma but are difficult to interpret separately” (McGuire 

1992). 

In contrast, the hue angle value was designed to reflect the overall human perception of 

color, next to lightness (L*) and saturation (chroma) (Minolta 1996). Hue angle is the 
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parameter most widely used in the quality rating of broccoli (3.2). In its calculation, the 

hue angle takes the a* value into account, which represents the aspect of color on a green 

to red scale (3.2.1.1). In this work, hue angle values were less sensitive to the differences 

in the color of single broccoli batches on consecutive storage days compared to the b* 

parameter (Fig. 19 and Fig. 20). Statistical differences between b* values occurred from 

the first to the second day of DS for broccoli harvested in June, whereas hue angle values 

only changed from the second to third storage day. Moreover, b* values in the August 

harvest batch increased significantly, whereas hue values did not show any differences 

during DS. The reduced sensitivity of hue angle can be explained by considering the a* 

value, which reacted quite slowly over the progression of storage days and was therefore 

not displayed in the results chapter. 

Hue angle values of fresh broccoli measured with Minolta devices range from 122° to 

138° in the literature (Costa et al. 2005b; Zaicovski et al. 2008; Büchert et al. 2011a; 

Gómez-Lobato et al. 2012c). In the present examination, all hue angle values measured 

on first storage day were lower. It is assumed by Shewfelt et al. (1984) that the hue angle 

of broccoli is highly dependent on the cultivar chosen. Initial b* values reported in the 

above-mentioned literature varied less (value difference of 6) when compared to hue 

values (value difference of 16°) which were similar to values collected here. 

6.1.2. Further spectral analysis, including imagery 

The plot of normalized reflection spectra showed that the major difference that took place 

during storage was an overall increase in reflectance (Fig. 23). Using the original spectra 

for PCA, no change in the characteristics of spectral regions could be demonstrated. This 

was highlighted by the first PC, which explained almost the entire variation in all recorded 

spectra. Depending on the harvest batch, broccoli curds turned yellow to a certain extent 

during storage, which was indicated by a decline in hue angle values.  

From 680 to 750 nm, there was a steep rise in reflectance, as is characteristic for spectra 

of green plant parts (Knipling 1970). A similar steep slope was observed by Hernández-

Hierro et al. (2014) in broccoli spectra. However, the remaining spectral pattern obtained 

by Hernández-Hierro et al. (2014) in the visible range (450–680 nm) is rather flat. In the 

present work, a peak was observed at 550 nm, similar to the reflection spectra of lemon 

or different plant leaves (Lichtenthaler et al. 1996; Merzlyak et al. 1999). This may be due 

to the use of broccoli powder in the work of Hernández-Hierro et al. (2014) compared to 

the intact curds used here. Despite an overall increase in reflectance, the pattern of 

spectra did not change much. Thus, the changes in the diffuse reflection spectra of 

broccoli florets during storage resembled those reported for leaves with differing 

chlorophyll content (Lichtenthaler et al. 1996). 

In other postharvest processes, e.g. ripening of apples and lemon or advanced 

senescence of leaves, the switch from green to yellow color is accompanied by distinct 

changes in the spectral signature (Merzlyak et al. 1999; Zude 2003). Postharvest changes 

in broccoli are known to show many similarities to leaf senescence on both the molecular 
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and biochemical levels (Page et al. 2001). Therefore, as long as pronounced color 

changes occur in broccoli during storage, a change in the character of reflection intensity 

in the visible range might be expected. There are two reasons for the absence of this 

change: First, the color impression is a result of visual perception of the human eye, which 

does not rate the entire visible spectrum in the same way, but according to three color-

matching functions (3.2.1.1). Wavelengths below 500 nm are recognized to a higher 

extent than wavelengths of 500 to 680 (Fig. 6, Ohta & Robertson 2006b). When 

considering calculations of CIELAB with the help of color matching functions, even a 

perfect parallel translation of broccoli spectra would actually result in more perception of 

yellow. Additionally, the color matching function Z (see 3.2.1.1) comprises wavelengths 

below 450 nm, which could not be considered in the present study due to a high level of 

background noise. Wavelengths at the limits of the working spectral range are generally 

known to contain lower signal-to-noise ratios (Qin & Lu 2008; Sanchez et al. 2009; 

Lorente et al. 2012). Higher background noise might also have resulted from wavelength-

dependent scattering effects in the tissue or from an insufficient spectrum of the 

illuminant.  

The second reason why observed color is altered without pronounced changes in the 

spectral pattern is that mathematical ratios of reflection intensities do actually also change 

through an increase in overall intensity. Accordingly, in combination with visual 

perception, an overall increase in reflection within the visible range of spectra results in a 

color change relatively quickly. However, it should be noted that only uncorrelated 

information is generally grouped into different PCs. Hence, small changes in the spectral 

pattern, as well as parallel translation of parts of the spectra, are not described by this 

method.  

PCA results of first and second derivative of spectra demonstrated that the red edge 

region (VIS/NIR-transition wavelengths) of the reflection spectra is suitable for more 

elaborate quality analysis of broccoli curds. This was indicated by the variance in the 

spectral readings, which was split into an increasingly higher number of PCs when 

derivatives of spectra were used (Table 5). The second derivative of broccoli reflection 

spectra has also been used by Hosaka et al. (2012) for the setup of a neural network that 

enabled the correct prediction of color change in broccoli. 

During storage, the REIP of broccoli spectra declined significantly in all harvest batches 

except the one from September 24th (Fig. 25). In contrast, the NDVI of broccoli showed a 

significant decline only in broccoli curds of four batches, while the three other batches 

remained at the same level of NDVI (Fig. 26). Hence, the broccoli storability of different 

harvest batches could be judged more sensitively with the analysis of REIP than that of 

NDVI. So far, neither NDVI nor REIP have been used for postharvest quality assessment 

of broccoli by other authors. However, regarding their sensitivity, these spectral indexes 

did not indicate changes during storage before CIELAB parameters did. 

In hyperspectral images, the increase of overall reflection intensity could be effectively 

used as an instrument for quality rating, because it took place on the curd in an 
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inhomogeneous fashion. This was indicated by the mean and variance of Euclidean 

distances in the visible range of hyperspectral images. The reasons for this heterogeneity 

are discussed in a later chapter dealing with generative development (6.2.1). Mean 

Euclidean distances were highly correlated with mean b* values, which were very 

sensitive towards quality changes, as discussed above. It should be noted that the 

broccoli curds analyzed with the hyperspectral image system were still visually rated as 

marketable after four days of DS. Consequently, these findings contradicted the 

presumption in Hosaka et al. (2012), which was based on observations from Lipton and 

Harris (1974) that spot measurements cannot adequately rate the character of a whole 

broccoli curd. Moreover, the high correlation underlines the fact that the increase in 

yellowing and the increase in the variation of the broccoli curd surface go hand in hand.  

6.1.3. Chlorophyll fluorescence measurements 

The fluorescence indexes Fv/Fm and ΦPSII were both highly sensitive to changes 

occurring during storage. This was indicated by a significant decline in both parameters 

already between the first and second day of storage at 16 °C. For Fv/Fm, this early 

change was detected in broccoli from three out of seven different harvest batches. 

Additionally, ΦPSII indicated changes in broccoli harvested on September 24th (Fig. 33). 

No other non-destructive method indicated a decline in storability in this batch. This 

superior sensitivity corresponded to findings from Toivonen (1992) and, regarding the 

higher sensitivity of ΦPSII in comparison to Fv/Fm, to DeEll and Toivonen (1999).  

On the other hand, broccoli harvested in August stayed at the same level of Fv/Fm values 

throughout four days of storage, whereas color and reflection indexes (b*, REIP) had 

already shown significant changes over the same time. Based on the present results, the 

sensitivity of fluorescence measurements cannot be judged fully in comparison to color 

and reflection indexes. 

Moreover, the levels of Fv/Fm values partly contradicted the rating of quality by means of 

color and reflection measurements. Broccoli curds harvested on July 18th were clearly 

distinguishable throughout the whole storage period by hue angle. This harvest batch was 

characterized by insufficient appearance and shape, as described in chapter 4.1.1. 

Nevertheless, it exhibited values of Fv/Fm similar to other batches (Fig. 32). The mean of 

its Fv/Fm values was still 0.76 on day 4 of storage at 16 °C, and the maximum of healthy 

plants has been reported to be 0.84 (Björkman & Demmig 1987). In this case, inferior 

quality of curds was not indicated by fluorescence measurements.  

The use of fluorescence imaging led to an underestimation of the determined 

photosynthetic parameters. Values from the Fluorcam system were significantly lower 

compared to batches measured by the Minipam or Pam2000 devices (Fig. 32 & Fig. 33). 

It is possible that the saturation pulse light generated by an electronic shutter-equipped 

halogen lamp (250 W) was insufficient for closure of PS II. Broccoli curds might also have 

partly exceeded the optimum sample size, which should be smaller than 10 x 13 cm (PSI 

2002). Therefore the value levels were not suitable for overall comparison. However, 
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fluorescence imaging provided rapid information about infections on the curd surface (Fig. 

35). Fluorescence imaging has been widely used for the determination of similar 

infections in horticultural crops (Gorbe & Calatayud 2012). Yet, as far as the author is 

aware, no studies on fluorescence images of broccoli have been published so far.  

6.1.4. Prediction potential 

When sensitivity was rated, the decisive factor in the evaluation was the first day on which 

statistical changes were observed. Nevertheless, indexes which changed on the same 

storage day did not end up at the same value level. 

Hue and b* values of seven broccoli batches harvested in 2012 split up into three and 

four statistically different subgroups, respectively, after DS (Fig. 21 and Fig. 22). 

Regarding the b* value, four harvest batches from the year 2012 showed a significant 

increase initially on storage day 3 (Fig. 20). However, the comparison of b* values among 

different batches on day 3 resulted in only two different statistical subgroups (Fig. 22). As 

discussed in subchapter 6.1.1, hue angle values reacted less sensitively to storage than 

b* values, when values were analyzed within one batch throughout the course of storage. 

Yet, when compared among different harvest batches, the hue angle values split up into 

three statistical subgroups on storage day 3 (Fig. 21). Thus, a quick reaction to storage 

conditions can hardly be the only criterion for an exhaustive prediction method for final 

storability. 

This assumption is also true for the non-destructive indexes REIP, Fv/Fm and ΦPSII, 

because high sensitivity at the beginning of storage did not indicate differences in final 

value levels (Fig. 25, Fig. 32, Fig. 33, Fig. 34). Regarding NDVI and L*, initial values 

varied significantly, depending on the respective broccoli batch. However, these 

differences were not related to different storability, but to plant nutrition, which will be 

further discussed in subchapter 6.2. 

In the literature, the storability of broccoli is often rated according to color change models 

based on Arrhenius’ law (Weemaes et al. 1999b; Tijskens et al. 2001; Ren et al. 2006; 

Schouten et al. 2009). In the proposed model functions, time and temperature are fixed 

parameters which effectively determine kinetics of color change. Other parameters of 

Arrhenius’ law, namely the activation energy and a preexponential factor, are then 

estimated, using the input parameters and observed rate constants (3.2.1.2). In the 

present work, the conditions of storage were constant. Therefore, the deviation in the 

obtained results of different harvest batches represented the proportion of variance that 

is not explained by those models. According to Arrhenius´ law, the resulting variation in 

broccoli color after storage can only be interpreted through differences in activation 

energy and preexponential factors.  
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6.2. Predetermination of the broccoli curd 

The prediction mechanisms that use non-destructive, optical devices may be 

supplemented with other characteristics of the broccoli curd, which can lead to preliminary 

determination of its storability. The results regarding floral development and levels of 

chlorophyll catabolites are discussed in the following chapter. 

6.2.1. Curd morphology and development 

A relationship between curd development and storability was indicated by a correlation 

analysis between broccoli curd diameters and final hue angle values on day 4 of DS. 

Based on Pearson correlation coefficients, a moderate relationship was observed both in 

2011 and 2012, regarding the first four harvest batches (Fig. 45 & Fig. 46). The diameter 

of broccoli curds is often equated to generative curd development (Wurr et al. 1995; 

Mourao & Brito 2000; Leja et al. 2002; Zutz et al. 2013). Therefore, a certain level of 

influence of the developmental stage on storability might be assumed. Broccoli curds with 

smaller diameter probably contained higher chlorophyll contents at harvest, as shown by 

Leja et al. (2002). Assuming an equal degradation rate of chlorophyll in curds with 

different diameter, changes of hue angle would occur faster during storage in bigger 

curds. 

On the other hand, curd diameter in the mature stage (before flowering) may not be 

related to development stage, but to the prevailing temperature conditions. Chilling during 

the juvenile phase may cause larger curds (Kalisz et al. 2014) while exposure to heat 

leads to smaller curd sizes (Heather et al. 1992). Therefore, broccoli of the same curd 

size does not necessarily have to be in the same developmental stage, especially when 

comparing different batches that have been exposed to various growing conditions.  

Assuming that curd diameter is related to cultivation time on the field (Wurr et al. 1995; 

Grevsen 2000; Mourao & Brito 2000; Kałużewicz et al. 2012), it is also conceivable that 

microbial growth played an additional role in broccoli yellowing. Although yellowing is 

mainly believed to result from physiological processes of the plant, the contribution of 

microbial flora, mainly Pseudomonas species, is also the subject of speculation with 

regard to the yellowing of broccoli (Padaga et al. 2000). In blanched broccoli, microbial 

growth accelerates color change by producing acid (Gunawan & Barringer 2000). A 

longer exposure time of the curds might have resulted in higher microbial loads. 

In the last three harvests of 2012, curd diameter and final broccoli color were not 

correlated. This was, on the one hand, due to a very good storability of all curds in the 

batches of August and late September, with hue angle values still exceeding 110° on day 

4 (Fig. 46). In contrast, the batch harvested on September 11th varied greatly in hue angle, 

which was, however, not related to curd diameter (Fig. 46). The variability may be partly 

explained by covering with different plastic films, as discussed in the subchapter 6.3.2. 

However, the harvest batch from July 18th that was covered in the same way did show 
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high correlation coefficients of hue angle and curd diameter (Fig. 46). Thus, the variation 

of broccoli color within the harvest batch from September 11th remains an open question. 

In addition to curd diameter, the rating of developmental stages of broccoli curds was 

conducted by measuring bud diameters, as explained in chapter 4.3.1. The mean bud 

diameters were in the same range as reported in the literature (Farnham & Björkman 

2011; Kalisz et al. 2014). Buds from heat tolerant broccoli cultivars have been reported 

to be larger in diameter compared to heat sensitive cultivars (Farnham & Björkman 2011). 

When planting in summer, only two out of nine tested cultivars were considered to be of 

good quality (Farnham & Björkman 2011). These two experimental hybrids had mean bud 

sizes of 1.75 and 1.78 mm compared to cultivars with minor quality with bud sizes lower 

than 1.64 mm in the summer planting (Farnham & Björkman 2011).  The ‘Ironman’ cultivar 

used in the present investigations exhibited mean bud diameters from 1.60 to 1.76 mm 

in the batch harvested on August 4th, 2011, depending on the field allotment and position 

on the curd (Fig. 44). Based on the bud sizes measured by Farnham and Björkman 

(2011), ‘Ironman’ should be regarded as only medium heat tolerant. However, typical 

symptoms of heat injury as described by Björkman and Pearson (1998) were not 

observed in the present investigations. Dufault (1996) considers bud size to be a very 

stable characteristic which is not affected by temperatures during the growing season, 

which corresponds to the present findings. 

In this work, bud size was originally measured in order to define developmental stages of 

whole broccoli curds. Based on the findings of  Tian et al. (1995) it was assumed that 

curds with greater flower buds were more advanced in their development and exhibited 

a shorter shelf life. Tian et al. (1995) determined the maturity stages of single broccoli 

flowers by grading pollen into three maturity groups. An accelerated rate of chlorophyll 

loss was noted in the larger buds, which most likely (63 %) contained mature pollen with 

pollen grains (Tian et al. 1995). Yet, in the present investigation, the correlation of mean 

bud diameter of broccoli curds and final hue angle values after 8 days of storage at 10 °C 

was weak (Fig. 45). In contrast, correlation coefficients with curd diameters were higher, 

as discussed above. Curd and bud diameters were not related at all (Fig. 45).  

In addition, no differences were found between bud size distributions in the center and 

edge of broccoli curds (Fig. 44). Curds from the first allotment showed exactly the same 

bud size distribution both on their center and edge segments compared to allotments two 

and three (Fig. 44). Some authors differentiate between the edge and center of broccoli 

curds in their experiments when measuring shelf life (DeEll & Toivonen 1999; Bakker et 

al. 2009a; Schouten et al. 2009). Based on the results of bud size presented here, this 

division is unnecessary. According to Kieffer et al. (1998), different floral branches of 

broccoli curds evolve consecutively, following a Fibonacci spiral. These chronological 

differences in evolution were not reflected in different bud size distributions on separate 

curd sections (Fig. 44).  

For the analysis of curd development, 60 buds from each curd were measured. With 

respect to the great number of flower buds on each curd, this sample size may still not 
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have represented the development status of whole curds. Tian et al. (1995) state that 

70 % of the florets on their broccoli curds were in an intermediate pollen maturity stage. 

Most likely, the buds measured in the present work were mainly in an intermediate stage 

and were therefore not clearly affecting storability. 

Nevertheless, the different stages of single floret buds support the rating of storability with 

the help of image analysis. Based on Euclidean distances in the hyperspectral image data 

of broccoli curds, different quality stages could be distinguished (Table 6). Pixel-wise 

variation in reflection intensity in the visible wavelength range rose during storage (Fig. 

29). Tian et al. (1995) reported accelerated chlorophyll loss in florets that contained 

mature pollen. The variation observed within broccoli curds after four days of storage was 

therefore related to differences in the degree of senescence of single florets and the 

concomitant chlorophyll degradation in the sepals of single buds. However, the observed 

differences in Euclidean distances could not be distinguished through image classification 

procedures, because no independent dot clusters were observed (Fig. 30). This 

emphasizes the difficulty with strict classification of physiological stages (pollen maturity 

and senescence) on the broccoli curd. Physiological processes predominantly followed a 

smooth transition over time. 

6.2.2. Patterns of photosynthetic pigments 

The amounts of chlorophyll a and b detected in broccoli were within the range reported 

by other authors who also used freshly harvested curds (Costa et al. 2005b; Kaosamphan 

et al. 2010; Aiamla-or et al. 2012). The results of statistical analysis indicated that 

chlorophyll b was degraded prior to chlorophyll a: Significant changes in chlorophyll b 

were observed one day earlier over the progress of storage compared to those of 

chlorophyll a both in the June and August harvest batches (Fig. 47). This may result from 

the quicker degradation of the LHCs II compared to PS II. The LHC II contains relatively 

huge amounts of chlorophyll b (Schopfer & Brennicke 2006, p. 529). However, in most 

studies, chlorophyll a and b are analyzed simultaneously through one HPLC run or 

through spectroscopy using extinction coefficients, e.g. from Arnon (1949) or Porra et al. 

(1989). Therefore, the single determination of chlorophyll b does not provide any practical 

advantage. Yet, against this background, the correct determination of the proportions of 

chlorophyll a and b gains further importance in senescence determination. In this context, 

despite its excessive use, Arnon’s equation has been criticized for its imprecise estimation 

(Merchant 2010). 

In addition to LHC II breakdown, a fact that might be responsible for a higher 

chlorophyll a/b ratio is the degradation pathway of chlorophyll, where the conversion of 

chlorophyll b into chlorophyll a is regarded as a prerequisite (Scheumann et al. 1999; 

Tanaka & Tanaka 2006). A similar trend of an increasing chlorophyll a/b ratio has been 

observed during storage on barley seedlings (Scheumann et al. 1999). The increase in 

the chlorophyll a/b ratio was most pronounced in the harvest batch from August, as 

indicated by a steep slope (Fig. 48). Regarding the other batches, ratios can be 
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interpreted as reaching a plateau within four days of storage at 16 °C. Accordingly, hue 

angle dropped to the same low value level for the batches from June, July and 

September, whereas broccoli harvested in August remained high (Fig. 21). A high 

increase in the chlorophyll a/b ratio therefore indicated better storability in this work. 

However, only the observations of chlorophyll a/b ratios over the course of storage were 

successful in distinguishing different patterns related to storage quality. The chlorophyll 

a/b ratio on the first storage day was not suitable for prediction. The level of the chlorophyll 

a/b ratio is believed to depend on radiation intensity, water and nitrogen status (Kitajima 

& Hogan 2003; Maina & Wang 2015). Shaded plants contain a higher number of LHCs 

with higher chlorophyll b concentration in order to exploit sufficient radiation for 

photosynthesis (Rühle & Wild 1985) and therefore exhibit a lower chlorophyll a/b ratio. 

Contrastingly, Maina and Wang (2015) reported that the chlorophyll a/b ratio of the desert 

plant Haloxylon ammodendron increased with seasonal courses in a three year study, 

regardless of light conditions. Also in the present study, there was rather a trend of 

increasing chlorophyll a/b ratios following the growing season (Fig. 48), which, however, 

did not correspond to the respective radiation sum (data not shown).  

With the exception of Chlide, green chlorophyll derivatives were only found in very small 

amounts in the broccoli used in the present investigation (Fig. 49). Still, using a 

fluorescence detector in combination with liquid chromatography, amounts of chlorophyll 

derivatives were detectable at ppm scale. It has already been stated by Matile et al. 

(1999) that “[…] these compounds are detectable only in trace amounts (if at all), 

indicating that removal of phytol and the central Mg-atom is quickly followed by processes 

that cause the loss of green color.” Nevertheless, the appearance of chlorophyll 

derivatives has been used in order to rate postharvest treatments (Yamauchi et al. 1997; 

Costa et al. 2005a; Costa et al. 2006a; Aiamla-or et al. 2010; Kaosamphan et al. 2010; 

Aiamla-or et al. 2012) based on HPLC analysis with a UV/VIS detector. In comparison to 

the reported peaks in the respective chromatograms, it is assumed that the fluorescence 

detector used in the present study can provide far more precise results. 

As shown in Fig. 49, Chlide concentrations declined in all harvest batches during storage, 

which is consistent with observations from Aiamla-or et al. (2010) and Kaosamphan et al. 

(2010). Chlide concentrations were particularly high on the day of harvest compared to 

amounts on the following storage days (Fig. 49). This may be due to the specific kinetic 

function of Chlide, which, in whole brined olives, was observed to exhibit an initial peak 

at an early stage of storage, followed by its decomposition (Heaton et al. 1996). Reactions 

in broccoli floret extract have also supported the evolution of Chlide (Yamauchi et al. 

1997). It should, however, be taken into consideration that Chlide is also involved in 

chlorophyll synthesis (Schouten et al. 2002; Schelbert et al. 2009). Its concentration 

therefore may not be fully reliable for the exclusive rating of chlorophyll degradation.  

In broccoli, several authors have detected accumulations of the compounds Phein and 

Pheide postharvest (Weemaes et al. 1999a; Weemaes et al. 1999b; Costa et al. 2005a; 

Costa et al. 2006a; Kaosamphan et al. 2010). In the present work, absolute amounts of 
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these two Mg-free compounds stayed nearly at the same level, which corresponds to the 

model from Schouten et al. (2009) instead, who assume that a steady state exists 

between generation from chlorophyll and decay to colorless compounds. Consequently, 

based on the absolute amounts of chlorophyll derivatives in this work, quality losses 

during storage cannot effectively be determined.  

However, in relation to chlorophyll a, the harvest batches from August and early 

September showed patterns of either accumulation of or decrease in chlorophyll 

derivatives (Fig. 50). It is clearly indicated that broccoli of the August harvest batch 

showed increasing ratios of chlorophyll a to its derivatives over the course of storage. As 

described above, broccoli from the August harvest batch was of superior storability 

regarding both its color and photosynthetic capacity (5.1). There are reports about the 

accumulation of chlorophyll derivatives during storage as a prevention of senescence and 

as an outcome of so-called stay-green mutants (Schelbert et al. 2009; Kaewsuksaeng 

2011). So far, an accumulation of chlorophyll a in relation to green chlorophyll derivatives 

has not been discussed. In the September harvest batch, chlorophyll a concentrations 

quickly decreased in relation to green chlorophyll derivatives, which might have indicated 

a fast trickle-down along the chlorophyll degradation pathway. Yet the remaining broccoli 

batches did not show a comprehensible progression of ratios of chlorophyll a and its 

derivatives (data not shown).  

Pheophytinization has been identified as the preferential pathway of chlorophyll 

breakdown in broccoli (Schelbert et al. 2009; Büchert et al. 2011a). This assumption is 

supported by a general increase of Pheoin/chlorophyll a ratios in all harvested broccoli 

batches during storage (Fig. 51). In accordance with other results regarding storability 

ratings, the pheophytinization rate was the lowest in the August harvest batch. Yet, 

Pheoin/chlorophyll a ratios of the quickly degrading broccoli harvested in June varied over 

storage. Inconsistent patterns of pheophytinization may result from sudden changes in 

pH during the senescence process, when chlorophylls are transported to the more acidic 

vacuole, as Costa et al. (2006b) assume, based on observations from Guiamét et al. 

(1999) in soy beans. Pheophytinization, which is the process of dissolution of the central 

Mg2+-ion of chlorophyll molecules, is highly promoted by an acidic environment (Gunawan 

& Barringer 2000). Besides, it should be noted that Pheoin is not only a chlorophyll 

degradation product during senescence, but also the primary electron acceptors in 

reaction centers of PS II. A certain variation in Pheoin concentrations during storage, as 

well as different initial levels after harvest , may result from varying amounts of PS II 

centers in single broccoli curds or entire batches. 

Carotenoids were present in considerable amounts in the investigated broccoli batches, 

with ß-Car and Lut as the most prominent substances (Fig. 52). Vx and Nx were also 

detected, in lower quantities. These proportions adequately reflect the carotenoids 

present in thylakoid membranes of chloroplasts (Schopfer & Brennicke 2006, p. 175). The 

results correspond to investigations of Fernandez-Leon et al. (2012), where ß-Car and 

Lut were also the most abundant carotenoids detected in broccoli. Yet, the concentrations 

of both carotenoids and chlorophylls reported by Fernandez-Leon et al. (2012) were much 
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lower. They differ by up to one order of magnitude from the concentrations determined in 

this work. Kurilich et al. (1999) detected 0.4 to 2.4 mg 100 g-1 FW ß-Car in various 

broccoli accessions, which corresponds to about 50 % of the concentration found in this 

work. Cogo et al. (2011) detected between 2 and 5 mg 100 g-1 FW total carotenes in 

‘Green Star’ broccoli, which is also less than in the present work. In contrast, Nath et al. 

(2011) report detecting about more than 25 mg 100 g-1 FW ß-Car in broccoli. 

Consequently, it is difficult to judge the meaning of the level of carotenoid concentrations 

measured in the present work and to thereby draw a conclusion.  

During storage, the declining trend in ß-Car observed in the present work corresponds to 

results of Nath et al. (2011) and Cogo et al. (2011) regarding broccoli stored at 

temperatures of 15 °C and 22 °C, respectively. Barth and Zhuang (1996) report a decline 

in total carotene concentrations of broccoli stored at 5 °C which also corresponded to 

decreasing moisture content, caused by different package materials. In the present 

investigation, the total carotenoid contents decreased only very slightly. The reaction was 

insensitive and by far incomparable with losses of chlorophyll, as shown in Fig. 53. 

Additionally, the carotenoids showed higher variation throughout storage than 

chlorophylls, which parallels observations made by Cogo et al. (2011).  

Remarkable, however, was the detection of auroxanthin (Aur). Aur was first detected in 

petals of Viola tricolor (Karrer & Rutschmann 1942). Assuming that the presence of Aur 

indicates emerging petals of broccoli buds, its concentration is certainly of interest for 

senescence determination. Investigations discussed in the previous subchapter (6.2.1) 

could eventually be supplemented with further conclusions about Aur. There are, on the 

other hand, also reports about the appearance of Aur during the processing and storage 

of mango, papaya and olives (for a detailed overview, see Yahia and Ornélas-Paz 

(2009)). Further studies are therefore necessary to investigate patterns of Aur during 

broccoli storage and their value for senescence indication. 

It was clearly shown that carotenoids determined the color of broccoli when chlorophyll 

diminished (Fig. 53). Therefore, changes in color of broccoli during storage resulted from 

the unmasking of carotenoids through chlorophyll loss, as reported by Matile et al. (1999). 

6.3. External factors on the field affecting storability 

In this work, the time it took broccoli plants to develop a mature curd ready for harvest 

closely followed a seasonal trend towards shorter cultivation time in the peak season (Fig. 

40). A similar relationship has already been determined by Marshall and Thompson 

(1987) and Tan (1999). The shorter cultivation periods were probably related to a 

necessary temperature sum that was achieved earlier in summer (Fig. 40). However, 

subsequent storability did not follow any seasonal trend, as was demonstrated by the 

extensive quality measurements throughout the 2012 season. The progress of quality 

decline could be monitored in great detail with several non-destructive methods and also 

through chlorophyll degradation. Nevertheless, the prediction of further storability based 

on both postharvest quality assessment and inner specifications of the broccoli curd still 
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posed many difficulties. Interactions between broccoli storability with climate and 

cultivation effects were investigated with the help of a database consisting of both 

experimental and on-farm measures linked to the climate data from different planting 

sites. 

6.3.1. Radiation and temperature during floral initiation 

In the literature, both radiation and temperature have been reported to have diverse 

effects on the quality of broccoli, regarding both climatic conditions on the field as well as 

treatments during storage (3.1.1 & 3.1.3). In this work, the results indicate that the 

radiation intensity that broccoli plants received in the field played an important role for 

subsequent storability. The effect of high radiation intensity (over 600 W m-2) was found 

to be detrimental to storability (Fig. 42). Regression analysis of hue angle values after DS 

indicated a moderate negative dependency (R² = 0.47) on high radiation intensities on 

the field. This result is supported by the report from Topcu et al. (2015). UV-radiation 

during vegetative growth reduced storability and promoted color changes as indicated by 

L* and C* values after 60 days of storage at 0 °C and 90-95 % RH (Topcu et al. 2015). A 

particular effect of high radiation quantities on broccoli quality is observed by Leja et al. 

(2002). Among other parameters, higher chlorophyll contents were found in broccoli curds 

grown in spring under a higher radiation intensity than in autumn (Leja et al. 2002). In the 

present work, initial chlorophyll contents of 5 different batches after harvest were within 

the same range, independent of radiation or temperature (see also chapter 6.2.2). This 

result parallels observations from Schonhof et al. (2007). Moreover, small differences in 

chlorophyll content, as might have been indicated by initial L* and NDVI* values (5.2.2), 

did not lead to differences in storability in the end. 

The detrimental effect of high radiation intensity in this work was limited to a time period 

of 16 to 24 days before harvest, which is associated with the approximate phase of early 

curd development (Heather et al. 1992). During this phase, broccoli plants are known to 

be susceptible to high temperatures, causing misshapen flower buds (Björkman & 

Pearson 1998). However, the analogous effect of high temperature on hue angle after 

storage was not very pronounced (Fig. 41, R² = 0.29). Yet, the relationship is closer than 

that in investigations of Kałużewicz et al. (2009), who assumed that temperatures from 

20 to 25 °C in the last third of the cultivation period caused loose broccoli heads, based 

on a low correlation coefficient (r = 0.32). When using polynomial models, Dufault (1996) 

reports higher determination coefficients for unacceptable head color, depending on 

average maximum temperatures during cultivation time. In that case, the head color of 

some cultivars at harvest was unacceptable when the average of maximum daily 

temperatures exceeded 26 °C. In the present investigation, hue angle values were in a 

similar range shortly after harvest (except July 18th, 2012) and varied greatly only as 

storage progressed (Fig. 19). Thus, in the present work, only storability was affected 

whereas quality at harvest remained relatively similar. 
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Kałużewicz et al. (2009), Dufault (1996) and partly also Björkman and Pearson (1998) 

used broccoli from field experiments, where the effect of radiation and temperatures 

cannot be considered independently. It is therefore possible that quality aspects in those 

investigations were also influenced by high radiation, in addition to heat. 

Nevertheless, with regard to storability, the present work shows that radiation and 

temperature intensity during early curd growth resulted in detrimental effects on broccoli 

storability. Björkman and Pearson (1998) state that the impact of heat on floral 

development resulted from the weakening or disruption of gene expression during the 

initiation of floral bud enlargement. Based on findings from Carr and Irish (1997) and 

Shannon and Meeks-Wagner (1993) it was assumed that for this process, the genes 

BoiAP3 or tfl may be responsible. Hasperué et al. (2013), who studied the influence of 

the time of day at harvest on the storability of broccoli, assume that the expression of 

genes was influenced not only during the day, but also postharvest. It is therefore 

assumed that different gene expression during an earlier period of cultivation may also 

affect subsequent storability. 

6.3.2. Light quality during curd growth 

Investigations of light quality conducted in this work suggest a specific wavelength effect 

on the storability of broccoli curds. The quality characteristics of broccoli varied when 

grown under differently colored plastic films (Fig. 36). As shown in the materials section, 

the differences were not caused by different temperature or RH when compared to 

uncovered plants (Fig. 12). Concerning equal temperatures under crop covers, 

observations parallel those of Francescangeli et al. (2007) who studied the effects of 

black shading meshes on broccoli plants. 

When blue plastic covers were put on the plants, broccoli curds showed inferior quality 

parameters after four days of storage at 16 °C when compared to at least one of the other 

cover variants (Fig. 36). The broccoli grown under blue covers were lighter in color than 

uncovered broccoli and more yellow (higher b* values) than all other variants. 

Spectroscopy indexes REIP and NDVI were lower in broccoli grown under blue compared 

to green covers. In addition, the photosynthetic activity was lower than under transparent 

(ΦPS II) and green (Fv/Fm) covers (Fig. 36).  

Broccoli illuminated exclusively by blue light for some hours every day from early curd 

growth until harvest received a relatively higher portion of light through its blue-light 

photoreceptors, the chryptocroms. Chryptochroms are proteins that enable light reception 

and are known to be responsible for training the circadian clock of plants and animals 

(Devlin & Kay 1999). After harvest, cabbage and kale still undergo a circadian rhythm 

which supports the maintenance of defense mechanisms against herbivory (Goodspeed 

et al. 2013) and prevents chlorophyll degradation (Liu et al. 2015). In the current study, 

broccoli storage was conducted in darkness (Fig. 9). Constant darkness in broccoli 

storage is known to have a negative effect on chlorophyll content retention in comparison 

to constant light or simulated day/night conditions (Büchert et al. 2011c; Zhan et al. 2012; 
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Jin et al. 2015; Liu et al. 2015). Based on the present results, it can be speculated that 

the influence of blue light on the field confounded the circadian rhythm of broccoli curds 

and therefore led to accelerated chlorophyll degradation during dark storage. 

Ma et al. (2014) examined the application of blue LED light on broccoli during storage. 

LEDs emitted the same wavelength range as the plants received under the blue plastic 

films used in the present investigations. However, Ma et al. (2014) found no effects of 

blue light illumination on chlorophyll retention in broccoli when compared to illumination 

by white light LEDs. In investigations from Hasperué et al. (2016) white-blue LEDs 

prolonged the shelf life of broccoli stored at 22 °C in terms of color and chlorophyll 

retention. Jin et al. (2015) state that blue LED light accelerated the yellowing of broccoli 

during storage, yet data is only presented for other light variants. 

In addition to cryptochroms, light in the blue wavelength range is also absorbed by 

carotenoids for photosynthesis. As discussed in subchapter 6.2.2, broccoli curds turn 

yellow as chlorophyll degrades and carotenoid components are unmasked. If curds that 

were grown under blue covers contained higher carotenoid contents, the yellow color 

could have appeared earlier, indicated by higher b* values. This is, however, not very 

likely because the absolute amount of light was reduced by plastic film covers (Fig. 11), 

compared to uncovered crops. 

Broccoli grown under green plastic film covers retained higher values of spectral indexes 

NDVI and REIP on the last day of storage when compared to the other variants (Fig. 36). 

Both spectral indexes target, on the one hand, wavelengths near the second absorption 

peaks of chlorophylls which are located at 643 nm and 662 nm for chlorophyll b and a, 

respectively (Schopfer & Brennicke 2006, p. 176). On the other, wavelengths of the NIR 

are considered, for which about 50 % of the incoming radiation is reflected due to 

intercellular ranges (Knipling 1970). In the present work, the differences in REIP and 

NDVI are related to varying reflection intensity in the (visible) red range, whereas 

reflection in the NIR range is similar for both green covered and uncovered broccoli curds 

(data not shown). It is not quite clear why green light on the field in a wavelength range 

of 450 to 600 nm influenced chlorophyll retention during storage. When selective green 

light is simply interpreted as shade, lower chlorophyll a/b ratios and thinner petal tissues 

can be expected (Rühle & Wild 1985). These characteristics are, however, not associated 

with higher absorbance in the red wavelength range. It should be noted that the 

differences among spectral indexes, although statistically significant, were very narrow 

and did not lead to differences in yellowing or photosynthetic activity (Fig. 36). In 

examinations of Jin et al. (2015), the application of green LED light (λ = 520nm) preserved 

the color of broccoli during storage at 25 °C. This was indicated by both lower L* and 

higher hue angle values on the second day of storage when compared to broccoli 

illuminated by fluorescent light or stored in the dark. The most noticeable finding in the 

report of Jin et al. (2015) is a much higher content of phenols in broccoli stored under 

green light. Yet, the further mechanisms and the general impact of green light on broccoli 

storability remains an open question. 
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6.3.3. Plant nutrition 

As described in subchapter 3.1.4, the application of considerable amounts of fertilizer is 

vital for profitable broccoli production. On the other hand, nitrogen fertilizer may have 

negative effects on broccoli quality, causing hollow stem disorder or soft rot (Hipp 1974; 

Bakker et al. 2009a). According to observations from the commercial grower who 

provided the broccoli curds for the present investigations, high nitrogen levels are likely 

to have a negative effect on curd storability. Although nitrogen concentrations in the 

broccoli tissue were not investigated here, a strong influence of N-fertilization on curd 

parameters was observed: Initial value levels of both NDVI and L* were highly dependent 

on nitrogen fertilization, following a parabolic function (Fig. 38 & Fig. 39). A similar 

parabolic relation is well known as the typical nitrogen response curve of crop yield (see 

e.g. DEFRA 2011) and is also reported for yield, ascorbic acid and nitrate content in 

broccoli (Babik & Elkner 2000; Fortier et al. 2010). Following the function used in the 

present work, broccoli fertilization with up to 10.4 g nitrogen per plant led to darker color 

(lower L* values) and higher ratios of reflection intensity at wavelengths 675 and 780 nm 

(higher NDVI values) (Fig. 38 & Fig. 39). It is possible that both low L* and high NDVI 

values represent higher chlorophyll contents in broccoli curds. Nitrogen is essential for 

chlorophyll formation because it is incorporated into the chlorophyll molecule. Chlorophyll 

has high light-absorbing properties (Schoefs 2002; Hörtensteiner & Kräutler 2011) which 

may lead to a darker appearance and therefore to lower L* values. The second absorption 

peak of chlorophyll is located at 643 nm and 662 nm for chlorophyll b and a, respectively 

(Schopfer & Brennicke 2006, p. 176), and therefore has a strong influence on the 

wavelengths that determine NDVI. 

However, on day 4 of storage, indexes L* and NDVI were no longer related to levels of 

N-fertilization (Fig. 38 & Fig. 39). The analysis of NDVI and L* in the broccoli batch from 

July 9th, 2012, which was cultivated under varying fertilizer application (4.2.1) confirmed 

the minor role of N-fertilization in storability. 

Although L* values of low fertilized broccoli curds were significantly higher throughout the 

whole storage period in comparison to curds from adequate or elevated fertilization levels, 

all three variants declined in parallel to each other (Fig. 37). There was, therefore, no 

interaction between the factors storage day and fertilizer (see also Table 7). NDVI values 

performed similarly, although they showed an additional difference between broccoli 

which were over-fertilized and optimum supply broccoli (Fig. 37). Therefore, NDVI seems 

to be better suited for the evaluation of different fertilizer levels than L*. The use of NDVI 

for evaluation of nitrogen status in broccoli has been the subject of much controversy. El-

Shikha et al. (2007) conclude that analysis of NDVI measured by remote sensing could 

not differentiate between effects of insufficient water or nitrogen supply in broccoli 

plantations. A combination of NDVI and the normalized difference far red index (NDFR) 

is better suited for separate evaluation of water and nitrogen effects (El-Shikha et al. 

2007). It should, however, be noted that El-Shikha et al. (2007) analyze the indexes on 

field scale, where distinctions of soil and plant canopy played additional roles. Similarly, 
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NDVI in winter wheat was affected equally by both N-fertilization and irrigation during 

different growth stages (Gebbers et al. 2013). The investigations of Gebbers et al. (2013) 

also showed an effect of N-fertilization on REIP in winter wheat, which was not found in 

broccoli in the present study. NDVI measurements of single broccoli curds have not been 

published so far. Lightness L* has been used by some authors for the evaluation of 

postharvest treatments of broccoli (Costa et al. 2006a; Büchert et al. 2011c; Fernández-

León et al. 2013b). In the present investigations, the sensitivity of L* values towards 

quality changes during storage was lower than that of b* values. Thus, L* is only displayed 

as related to the rating of nitrogen fertilizer and not for storability detection per se. There 

are no reports about the use of L* for rating of N-status in broccoli so far. 

As shown in Table 7, b* values were significantly influenced by the interaction of 

fertilization and storage. Yet, further statistical analysis by means of pair-wise 

comparisons does not clarify the actual effect on differently fertilized curds. Graeff et al. 

(2008) estimated the nitrogen status of broccoli plants using b* values. Higher fertilizer 

doses led to lower b* values in their investigations (Graeff et al. 2008). However, 

storability was not evaluated in this context. 

Bakker et al. (2009a) report that increasing nitrogen fertilization had a positive effect on 

the hue angle of broccoli from 0 to 100 or 150 kg N ha-1, depending on the cultivar used. 

When fertilizer doses were further increased, values reached a cultivar-specific plateau 

(Bakker et al. 2009a). In contrast, no influence of fertilization on hue angle was found in 

the present investigations (Table 7). This is probably due to a narrower range of different 

fertilizer doses close to optimum supply when compared to the investigations from Bakker 

et al. (2009a). The lowest dose in the present investigation was 3.7 g nitrogen per plant, 

which would correspond to 111 N ha-1 based on a plant density of 3 plants m-2.  

The reported differences in NDVI and L* values were absolutely indistinguishable by 

visual rating. Obviously, both indexes are very sensitive in the rating of nitrogen 

fertilization and concomitant chlorophyll levels. The different chlorophyll levels did, 

however, not lead to different storability. It is therefore assumed that the level of 

fertilization may be negligible in the rating of storability, regarding the senescence 

processes of the broccoli curd.  

6.3.4. Water supply preceding harvest 

Based on data from different harvest batches grown in 2012 (7 batches) and 2013 (2 

batches), a high dependency of broccoli storability on water supply could be confirmed 

(R² = 0.71, Fig. 43). This relationship referrs to water supply during the fortnight preceding 

harvest, which parallels results from Wurr et al. (2002).  

Other authors have also reported a higher retention of broccoli color during storage when 

water stress was applied throughout the whole cultivation period (Zaicovski et al. 2008; 

Cogo et al. 2011). Yet, the effect found in the present work is most prominent when the 

last two weeks of cultivation are considered. In addition, when water stress was applied 
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during earlier stages, a risk of deleterious effects on curd morphology has been reported 

(Wurr et al. 2002). Although Chen et al. (2008b) did not observe differences in fresh 

weight under different irrigation management, a certain decrease in yield may be 

expected when water is limited throughout cultivation (Wurr et al. 2002; El-Shikha et al. 

2007). 

Color retention of low watered broccoli may have resulted from higher stem turgor, as 

reported by Wurr et al. (2002). The preservation of stem turgor is probably the result of a 

drought acclimatization process. Drought adapted plants are able to retain turgor by 

actively increasing the osmotic potential of cells through accumulation of ions (Schopfer 

& Brennicke 2006). Moreover, drought adaptation also leads to a greater tolerance 

towards negative leaf water potential before the synthesis of abscisic acid is promoted 

(Schopfer & Brennicke 2006). Abscisic acid is known to play an important, yet complex 

role in leaf senescence (Liang & Chu 2015). It is therefore conceivable that the storability 

of broccoli was mediated by different levels of abscisic acid, which resulted from 

predetermination through different levels of water supply. 

The preservation of green color could also have resulted from higher concentrations of 

endogenous cytokinin, as Zaicovski et al. (2008) observed in broccoli grown under water 

stress. Cytokinins are known to prevent chlorophyll degradation and to control ethylene 

perception and biosynthesis (Tian et al. 1995; Costa et al. 2005a; Gapper et al. 2005). 

There are conflicting reports about the influence of water stress on polyphenol 

concentration in broccoli. Lower irrigation resulted in increased polyphenol concentrations 

in investigations by  Fortier et al. (2010). In contrast, Cogo et al. (2011) observed equal 

initial concentrations of polyphenols in broccoli grown under different irrigation 

management and, furthermore, higher concentrations were retained in normally irrigated 

broccoli during 7 days of storage. A significant role of phenols in senescence prevention 

through accelerated defense mechanisms against active oxygen species is therefore 

questionable. 

Although the particular mechanism of the relations between color preservation and water 

supply could not be elucidated by the present study, the results have validated 

assumptions from Wurr et al. (2002) through a practice-oriented approach based on 

genuine on-farm data on irrigation and precipitation within two growing seasons. 
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7. Conclusions 

Beginning with the first objective of the present work,  

“Determination of a non-destructive quality rating method that can give clear 

evidence about (further) storability of broccoli” 

several optical indexes pointed toward changes very quickly during storage, at a time 

they could hardly be perceived by visual rating. Changes of optical indexes b*, REIP and 

both photosynthetic parameters (Fv/Fm, ΦPSII) were recognized in broccoli curds at a very 

early stage of storage at 16 °C and 95 % RH.  

As far as color measurements are concerned, it can be concluded that b* values are 

quicker to detect differences during storage than hue angle values. From this point of 

view, the use of b* values should be given preference to over hue angle values for the 

quality assessment of broccoli.  

In the comparison of indexes of diffuse reflection spectra, REIP indicated changes prior 

to NDVI. Yet, calculation of REIP proved to be less convenient than NDVI; because 

reflection data needed to be normalized first and the second derivation also had to be 

calculated.  

Regarding photosynthetic indexes, ΦPSII was more sensitive than Fv/Fm. However, the 

number of samples (harvest batches) measured with ΦPSII was lower. Therefore, further 

examinations of ΦPSII on broccoli batches with excellent storability are necessary to finally 

determine which photosynthetic index is more sensitive. Additionally, it should be 

mentioned that the measurement of ΦPSII during storage requires a quite elaborate 

preparation in order to provide for sufficient light adaptation of the broccoli curd. Only 

when illumination is established in storage rooms as proposed by Büchert et al. (2011b) 

may this quality assessment be considered. 

In addition to indexes measured by spot measuring devices, early changes within single 

broccoli curds were effectively indicated by Euclidean distances among pixel-wise 

reflection intensities recorded by hyperspectral images. The increase in Euclidean 

distances was based on the differences in senescence of single florets on broccoli curds. 

To recognize variation, a composite of only three reflection intensities at different 

wavelengths, placed as RGB channels, was necessary. The variation within the broccoli 

curd was as sensitive to quality changes as a mean of six spot measurements of b* values 

on one curd. Regarding these facts, a spectral analysis of broccoli reflection spectra in 

the visible range did not prove to have an advantage over colorimetry. Further 

examinations at lower temperatures may be required in order to clarify if early quality 

losses might, in the end, be detected more quickly by Euclidean distances in 

hyperspectral image data than by spot measurements of b* values. 

Despite the sensitivity of the methods presented, none of them predicted the eventual 

level of storability at the beginning of storage. Changes on the same day of DS did not 
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necessarily indicate equal value levels on day 4. Therefore, the prediction of storability 

based on color measurements, diffuse reflection spectra or chlorophyll fluorescence does 

not seem to be feasible. 

Furthermore, when comparing among different harvest batches, initial value levels were 

reasonable only for the indexes hue, b* and REIP. The value level of photosynthetic 

indexes, although highly sensitive to changes, did not show a reasonable pattern of 

quality when batches were compared. This was especially recognizable in the high Fv/Fm 

values of a broccoli batch which already showed inferior quality according to visual 

appearance at harvest. In conclusion, loss of color and photosynthetic activity are not 

necessarily inter-related. Fluorescence measurements can therefore only be 

recommended for measuring the progress of storage of single batches, which is a quite 

limited field of application. Comparability of values among different harvest batches is a 

relevant criterion for the transfer of methods into horticultural production.  

Color and reflection measurements including imaging, on the other hand, could be 

implemented in sorting machines for monitoring the produce's current status. This might 

be reasonable for large vegetable producing or trading companies. 

In conclusion, the results of storability prediction by means of optical indexes suggest that 

the plant's maximum shelf life may be restricted by its inner characteristics, resulting from 

the previous determination of the broccoli curd. A similar concept is discussed by 

McRoberts and Lepreux (2003), who define the quality of horticultural produce as deriving 

from genetic, management and environmental components. 

Accordingly, the findings with regard to the second objective 

“Rating of the relative influence of pre-harvest conditions on the post-harvest 

life of broccoli” 

support the hypothesis that the predetermination of the broccoli curd is affected by climate 

and cultivation influences.  

During the cultivation of broccoli, both the quantity and quality of radiation have been 

shown to affect quality characteristics in broccoli during storage. A temporary reduction 

of the visible range to blue light (λ = 400 to 500 nm) resulted in a decrease in storability, 

as was indicated by several non-destructive indexes. The effect is possibly related to the 

circadian rhythm of broccoli curds. Additionally, incidences of high radiation intensity 

(> 600 W m-1) during curd initiation and early curd growth, partly accompanied by high 

temperatures, appeared to cause a trend towards lower hue angle values after four days 

of storage at 16 °C. A monitoring of both temperature and radiation intensity is therefore 

recommended in broccoli cultivation. Although the mechanisms involved could not be 

investigated here, the importance of radiation during cultivation on subsequent storability 

is highlighted in this work. 

The effect of radiation was, however, not as pronounced as the influence of water 

availability preceding harvest. Irrigation and rainfall during the last two weeks on the field 

strongly determined the storability of broccoli in terms of b* values. The findings in this 
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work fully support the careful control of irrigation during the fortnight preceding maturity 

as recommended by Wurr et al. (2002). As far as possible, it is recommended that 

growers reduce the overall amount of water to less than 40 L m-2 in the last two weeks by 

reducing irrigation. Although a similar relationship had already been investigated by other 

authors (Wurr et al. 2002; Zaicovski et al. 2008; Cogo et al. 2011), the present 

investigation was the first practical (and partly on-farm) approach that demonstrated a 

relationship between characteristics of arbitrary chosen broccoli and absolute amounts of 

irrigation and rainfall. 

The amount of nitrogen fertilizer applied during cultivation determined the levels of L* and 

NDVI on the first day of storage. At this time, the L* and NDVI in independent harvest 

batches followed a parabolic function depending on the amount of nitrogen, which was 

similar to the typical nitrogen response curve of crop yield. The amount of applied nitrogen 

fertilizer, however, did not provide any information on the further proceeding of both 

indexes during storage. It also did not show any effect on the further color retention of 

broccoli during storage. These findings indicate, on the one hand, that fertilization has a 

negligible effect on storability, when used at common levels. On the other hand, the strong 

relationship between nitrogen status and the indexes L* and NDVI might be of great value 

for broccoli production in general. NDVI in particular, because it does not require 

normalization of spectra prior to its calculation, can be easily used for monitoring nitrogen 

demand in broccoli plants in the field. 

The work on external field factors represented a reasonable approach towards a better 

understanding of influences on storability of broccoli. Still, the results obtained have to be 

considered with some precaution, as the number of sampled batches was still too low for 

reliable modeling. Additionally, a reliable model should consider all interactions between 

the factors, which would soon lead to barely comprehensible dependencies. Therefore, 

the approach represented a guide of topics growers might emphasize in cultivation 

practice instead. Yet, for effective modeling, “studies of the plant-environment complex 

and a pursuit of principles rather than limited 'rules of thumb'” (Lakso 1990) are needed. 

Certainly, the potential in this approach was in the use of database programming, which 

provided a greater knowledge output regarding climate and cultivation factors than 

previous examinations on field grown broccoli. In reports of climatic influences in the 

literature, methods of calculation generally vary. Monthly or daily means and sums of 

temperature are often used to characterize cultivation conditions (Babik & Elkner 2000; 

Leja et al. 2002; Pék et al. 2012). Some approaches involving more elaborate processing 

of climate data have also been presented (Heather et al. 1992; Dufault 1996). However, 

the potential of climate databases for vegetable production has yet to be fully realized. 

Wurr et al. (2002) states that “most of the work on broccoli shelf life has concentrated on 

the influence of various postharvest treatments and has largely ignored the influence of 

preharvest factors.” This is still true and might be justified by the presence of easier to 

measure control mechanisms during the postharvest phase. The knowledge about 

optimum storage conditions of broccoli is on a very high level nowadays. The latest 

findings indicate that the use of light in storage rooms has positive effects (Büchert et al. 



 
Conclusions 

Bornimer Agrartechnische Berichte  |  Heft 98  |  ISSN 0947-7314 

101 

2011c; Zhan et al. 2012; Jin et al. 2015; Liu et al. 2015; Hasperué et al. 2016). In 

connection with findings regarding adequate temperature, humidity and gas atmosphere, 

an excellent guide to storage conditions of broccoli can be established. However, the 

transfer of recommended techniques from academic research to the grower is often 

inhibited due to a lack of economic efficiency. Through the use of combined climate and 

cultivation databases, detailed monitoring might create new possibilities for decision 

support. Using the proposed approaches, rating and prediction of broccoli storability may 

be improved. 

The inner quality of broccoli curds was investigated in accordance with the third objective 

“Identification of early senescence indicators in curd development and 

chlorophyll catabolism of broccoli curds”. 

Assuming that factors during cultivation had predetermined the quality of curds, the goal 

was to find early senescence indicators in broccoli curds. Yet, the search for a particular 

senescence marker among chlorophyll derivatives was not successful. It is possible that 

chlorophyll catabolites did not accumulate in broccoli tissue during storage, as levels in 

general were low. Neither absolute amounts nor ratios of chlorophyll catabolites were 

unequivocally suitable for advanced indication of senescence.  

There was, however, evidence that the chlorophyll a/b ratio and relative enrichment of 

chlorophyll a may play a role in broccoli with superior storage quality. According to the 

results presented above,  as long as the chlorophyll a/b ratio is rising, broccoli may still 

be of acceptable storability. In particular, the slope of increasing chlorophyll a/b ratios 

might point to extended storability. With respect to the chlorophyll degradation pathway, 

a harvest batch of good storability may remain at the stage of chlorophyll b to a conversion 

for a longer period of time. In turn it can be assumed that as long as the chlorophyll a/b 

ratio is rising strongly, senescence may still remain at an early stage.  

Regarding a relative enrichment of chlorophyll a in relation to green chlorophyll 

derivatives in broccoli which preserved a green color, the focus remained on the first step 

of chlorophyll degradation. Broccoli which changed color proceeded further along the 

catabolic pathway. In connection with investigated chlorophyll a/b ratios, the results 

suggested that the relative chlorophyll a accumulation was caused by secession of the 

chlorophyll degradation pathway during its first step. 

However, similar to chlorophyll fluorescence indexes, the chlorophyll a/b ratio was not 

reliable when compared among different harvest batches. Lower storage temperatures 

and immediate sampling after harvest might support further investigations on early 

senescence compounds, as was shown by high concentrations of Chlide in broccoli on 

harvest day in one batch. 

Concerning the degradation pathway of chlorophyll in general, the results suggested that 

pheophytinization dominates over dephytilation, as indicated by a general increase in 

Pheoin/chlorophyll a ratios. 
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The yellowing of broccoli curds during storage was the result of chlorophyll loss, which 

unmasked the carotenoids present in the tissue. In addition to carotenoids that are 

generally present in thylakoid membranes of chloroplasts, auroxanthin was also detected, 

which might be a compound of the yellow petals and therefore has a certain potential 

value for senescence indication. This would be true if senescence and generative 

development were closely interrelated. There was, however, only a small amount of 

evidence for this hypothesis in the results achieved in this work. The use of bud size 

diameters was not effective for the prediction of further quality rating of broccoli curds. 

Chlorophyll loss in single buds, however, enabled the early detection of senescence with 

the help of Euclidean distances in hyperspectral imaging. 

In addition, the extent of color change (hue angle) after four days of storage at 16 °C and 

high RH was shown to be related to diameters of whole broccoli curds in four out of seven 

harvested batches. This relationship was either a result of the advanced developmental 

status of larger curds or a consequence of increased microbial loads related to cultivation 

time. Although the nature of interrelation between curd sizes and yellowing can only be 

speculated about, growers are advised to harvest smaller curds instead of waiting for a 

further growth in curd diameters. The current practice, in which producers, retail sale and 

consumers prefer big curds of 500 g, might also be reconsidered. 
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List of abbreviations 

1-MCP 1-Methylcyclopropene 

a* coordinate of CIELAB, negative values indicate green, 

positive values indicate magenta 

Aur auroxanthin 

b* coordinate of CIELAB, negative values indicate blue, 

positive values indicate yellow 

Chlide chlorophyllide a 

CIE Commission Internationale de l’Eclairage 

CIELAB color space of CIE 1976 (L*, a*, b*)  

DS “defined storage” – storage under 16 °C and high RH 

(~95 %) in order to accelerate postharvest processes  

F0 minimum fluorescence 

Fm maximum fluorescence (dark) 

Fm’ maximum fluorescence (light) 

Ft steady-state fluorescence 

Fv/Fm (Fm-F0) /Fm; maximum photosynthetic efficiency (dark) 

FW fresh weight 

HPLC  high performance liquid chromatography 

Hunter lab Hunter 1948 color space 

IGZ Leibniz Institute of Vegetable and Ornamental Crops at 

Großbeeren  

L* lightness coordinate of CIELAB,  

L* = 0 yields black and L* = 100 indicates diffuse white 

LHC light harvesting complex 

LUH Gottfried Wilhelm Leibniz Universität Hannover 

Lut lutein 

MAP modified atmosphere packaging 

N nitrogen 

NDVI normalized difference vegetation index 

NIR near infrared part of electromagnetic spectrum 
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Nx neoxanthin 

PAR photosynthetic active radiation 

PCA  principal component analysis 

Pheoide pheophorbide a 

Pheoin pheophytin a 

PLS  partial least squares 

PS II photosystem II, protein complex of photosynthesis 

REIP red edge inflection point 

RGB colour model of red, green and blue 

ß-Car ß carotene 

stdev standard deviation 

UNECE United Nations Economic Commission for Europe 

USDA United States Department for Agriculture 

UV ultraviolet part of electromagnetic spectrum 

VIS visible part of electromagnetic spectrum 

Vx violaxanthin 

ΦPSII, (Fm’-Ft) / Fm’ Effective quantum yield of photochemical energy 

conversion in PSII 
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