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A B S T R A C T

Good experimental design is necessary for the success of experiments. Many experiments on
ornamentals comprise at least two phases, for example vase life trials in carnations. The first phase
entails the cultivation in the greenhouse and the second the vase life assessment in the laboratory. In field
or greenhouse experiments, it is common to use efficient experimental designs such as a-designs or row-
column designs, while in the laboratory quite often no particular experimental designs are applied. We
conducted vase life trials in carnations, using a randomized layout in both phases. We utilized the data
from these trials to compare with competing designs based on the response to selection. This comparison
revealed that the choice of design is crucial.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Carnation (Dianthus caryophyllus L.), a member of the family
Caryophyllaceae, is one of the major cut flower species around the
world (Yagi et al., 2013). The genus Dianthus includes about 300
species in the Caryophyllaceae family. It comprises several
economically important species like Dianthus caryophyllus,D.
barbatus, D. chinensis, D. plumarius, D. superbus and their hybrids
which are used as floricultural crops (Tanase et al., 2012).
Improving vase life (VL) of cut flowers is one of the important
breeding objectives due to its direct influence on consumer
satisfaction resulting in a repeated purchase decision (Onozaki
et al., 2001). VL is the duration from placement of stems in water to
the loss of ornamental value, which is defined as the state of
wilting, rolling-in of petals or discoloration of the petal margins
(Satoh et al., 2005). In carnation, VL is regulated by a manageable
number of genes especially in the case of biosynthesis of ethylene,
a gas that regulates senescence of flowers (Fu et al., 2011; Licausi
et al., 2013; van Doorn and Woltering, 2008). By using transgenic
approaches, it was proven that repression of ethylene biosynthesis
or blocking of ethylene receptors leads to an improved VL (Satoh,
2011). VL is an important criterion for the quality of carnations and
required for sustainable transportation of carnation stems around
the world. In the past, however, breeders mainly concentrated on

flower color and size, stem length and productivity, because VL is a
highly complex trait to measure.

Good experimental design is necessary for the success of
experiments in plant science (Casler, 2015). In some cases,
experiments comprise at least two phases due to chemical,
physical or molecular biological measurements made in a second
phase in the laboratory that is distinct from the first phase where
plants are raised (Brien et al., 2011; Smith et al., 2006). VL trials
have a greenhouse phase while the second phase includes the VL
assessment in the laboratory. To maximize efficiency experimental
designs have to be established in both phases. In field or
greenhouse experiments, it is common to use for example
a-designs or resolvable row-column designs, while in the
laboratory often no particular randomization is applied. An
a-design is an experimental design using incomplete blocks with
only subsets of genotypes appearing in each block. But blocks can
be grouped to form complete replicates (John and Williams, 1995).
A row-column design utilizes double blocking with orthogonally
arranged rows and columns (John and Eccleston, 1986). The use of
experimental designs as well as of data analysis based on mixed
models is so far uncommon for VL investigations (Kramer et al.,
2016). The aim of this study was to show how to design VL trials in
a statistically efficient way by using an experimental design in the
greenhouse phase, where the plants are cultivated, and in the
second, the laboratory phase, where the VL assessment occurs. In
order to achieve this main objective, we accounted for important
sources of environmental variation in both phases and used
simulation to evaluate the efficiency. The design and its analysis
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are illustrated using experiments conducted within a commercial
breeding program for carnations.

2. Material and methods

2.1. Description of the vase life assessment

2.1.1. Cultivation of carnations in the greenhouse – first phase
For the cultivation of carnations, subsurface boxes (Beeken-

kamp, Netherlands) with nine planting holes were used (Fig. 1A).
The boxes have two drop inlets through which the irrigation water
as well as the fertilizer were supplied. The substrate was ‘Cocopeat
Premium’ (Euroveen B.V., Netherlands). Supports made of wire
were used for growing the plants. The greenhouse comprised
eleven parallel rows with 244 subsurface boxes each. 228
subsurface boxes in one parallel row were used for planting 500
genotypes (Fig. 1B). Different gene pools were used, where the
main part consisted of Klemm + Sohn (Germany) material, but also
some genotypes to different breeders from Italy and Netherlands
with whom Klemm + Sohn is cooperating. Not only established
varieties were used, a main part was breeding strains of the years
2012 and 2013. The plants were planted in April and positioned
randomly as described below in detail, because randomization can
compensate edge effects (Cochran and Cox, 1957).

2.1.2. Vase life assessment in the laboratory – second phase
The carnation stems were harvested in the greenhouse at

flower development stage before blooming. Mini carnations were
picked when more than two flowers of the same stem showed the
desired development stage. For assessment of VL, two stems of
every genotype in each replicate (in total eight stems per genotype)
were harvested and transported to the laboratory. To simulate
shipment of carnation stems, one stem of each pair was stored for
two weeks at 4 �C, while the other stem was taken to the second
phase immediately (Fig. 2). All harvested stems from a single day,
which are supposed to be stored for two weeks, were packed
together in one plastic bag and put in containers to be stored.
Harvesting of both stems at the same time was difficult because
only one plant in each replicate was available.

After trimming the harvested or stored stems to 50 cm and
removing of lower leaves, they were put in water in order to assess
VL. Fresh water but no distilled water was used. The water was not
changed but the filling level was held constant. The flowers were

kept under controlled conditions: 12 h photoperiod of 300 lx in the
first and 800 lx in the second year, provided by LED lamps and an
average daily air temperature of 20.1 �0.5 �C. Air was exchanged by
using ventilators in the first year. In the second year, a 1.5-fold air
exchange per hour was conducted by an air conditioning system.
Each stem was observed daily to record senescence symptoms of
the flowers like wilting, rolling-in of petals or discoloration of the
petal margins or by bent necks of the stems. In the case of mini
carnations, the stems were recorded as wilted when half or more of
the opened flowers showed one of the named symptoms. For the
second phase, an experimental design should be used as well.
Difficulties occur due to the unknown point in time when the
genotypes will reach the desired development stage.

2.2. Implementation of experimental designs

2.2.1. Generation of experimental designs for growing carnation in the
greenhouse – first phase

In the first VL experiment (E1), two a-designs with four
replicates were used. Each replicate comprised 57 incomplete
blocks (subsurface box). In total 500 genotypes were tested that
could be divided into 200 standard carnations (St) and 300 mini
carnations (Mn). Since blocks with nine positions were used, there
were 57 � 9 = 513 positions overall per replicate, so for thirteen
randomly picked genotypes we added a further plant per replicates
to make sure that all blocks were filled. The cultivation of both
carnation types differs in some respects like the removal of flower
buds. Therefore, in each box only one type of carnation was tested.
We created two different a-designs, one for each carnation type. To
integrate both carnation types into the same experiment, for every
replication the incomplete blocks of a replicate were jointly
randomized and renumbered. Thus, 207 standard carnations were
randomly assigned to 23 subsurface boxes (blocks according to an
a-design with 23 blocks per replicate) and 306 mini carnations
were randomly assigned to 34 subsurface boxes, according to an
a-design with 34 blocks per replicate. Each genotype was present
in each replicate.

The year after (E2), a resolvable row-column design (D2) was
used to test a second set of 500 genotypes. The row-column design
was created similarly as the a-design in the first year. The
subsurface boxes were defined as rows and the positions as
columns, so there were 57 rows with nine columns in each of the
four replicates. The designs were generated by using CycDesigN 4.0

Fig. 1. A – Arrangement of plants in subsurface boxes used as blocks and the observed positional effect, visible at position five; B – Overview of the greenhouse with four
replicates, subsurface boxes and parallel rows.
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