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Abstract
The effects of two storage temperatures, 2 and 7 °C, were investigated on the quality changes of fresh red seaweeds, Palmaria
palmata and Gracilaria tikvahiae. Microbial, sensory, and physiochemical properties of the seaweeds were evaluated during
2 weeks of refrigerated storage. The results indicated that the causes and rates of quality loss were species specific, with P.
palmata deteriorating faster at 7 °C compared to at 2 °C. In contrast, G. tikvahiae quality was better maintained at the higher
storage temperature. As cellular damage increased in the seaweeds during storage, increased drip loss and the subsequent
deterioration in texture and color contributed to quality loss in both seaweed species. Microbial counts in P. palmata ranged
from 3 to 5 log CFU g−1 throughout storage, whereas G. tikvahiae microbial counts reached over 7 log CFU g−1 by the end of
storage. Drip loss, sensory evaluation, and instrumental color results proved to be reliable whereas instrumental texture and
soluble protein did not yield consistent, valuable data. Growing interest in minimally processed foods provides an opportunity to
promote seaweeds as fresh vegetables. The results of this study provide groundwork to monitor seaweed quality during refrig-
erated storage and to facilitate marketing and distribution of freshly harvested P. palmata and G. tikvahiae.
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Introduction

Edible seaweeds are considered novel foods in mainstream
western cuisine and are gaining popularity among health-
conscious consumers, owing to their Bsuperfood^ status
(Tarver 2015; Bever 2016). The richness in antioxidants, vi-
tamins, minerals, and other beneficial compounds present in
seaweeds contributes to their bioactive, medicinal, and thera-
peutic properties (Smit 2004; Wells et al. 2017), adding to
their nutrient-dense profile. Although globally seaweeds are
predominantly sold in their dried form, increasing consumer
interest in fresh or minimally processed health-promoting
foods (Raso and Barbosa-Cánovas 2003; Bigliardi and

Galati 2013), has opened opportunity in the West to sell fresh
seaweeds as vegetables in the produce section of the grocery
store.

Palmaria palmata, also known as dulse, is consumed in
many European countries including France, Iceland, and
Ireland, and in parts of North America including Maine,
Hawaii, and Nova Scotia (Mouritsen et al. 2013 2013a, b;
Abbott 1978). With flat, leathery, deep red blades, P. palmata
is commonly found in cold Atlantic waters (Mouritsen et al.
2013a, b) whereasGracilaria tikvahiae, or gracilaria (Fig. 1), is
usually found in warmer, tropical waters (Abbott 1978). Since
western consumers are already somewhat familiar with P.
palmata and G. tikvahiae, these seaweeds have the potential
to be accepted in their fresh form. In Hawaii, G. tikvahiae is
already sold as a fresh vegetable, which can be pickled or in-
corporated directly into seafood dishes, soups and salads
(Abbott 1978). Several species of seaweeds are currently being
tested for their aquaculture potential in North America, with
fresh P. palmata and gracilaria already making their way in
innovative recipes in selected upscale restaurants. However,
fresh seaweeds are reported to have a short shelf life of around
3–4 days (Liot et al. 1993; Paull and Chen 2008), albeit storage
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conditions can impact shelf life significantly. Paull and Chen
(2008) assessed shelf life of fresh, farm-raised Gracilaria spp.
under different refrigerated storage conditions and recommend-
ed a shelf life of 4 days.

Lack of information on postharvest quality changes and
on the effects of storage temperature on shelf life of freshly
harvested seaweeds poses a roadblock to their effective
processing, marketing, and distribution through multiple
channels. To our knowledge, there have been no systematic
evaluations of postharvest quality of refrigerated fresh red
seaweeds. In the USA, efforts are being made by a number
of small businesses to create and sell diverse seaweed food
products. The clean Atlantic waters of the state of Maine
offer around 250 species of seaweeds (White and
Keleshian 1994), giving rise to the potential to incorpo-
rate different varieties of seaweeds in the local diet. Select
companies in Maine have already started to market fresh
or minimally processed seaweeds to gourmet restaurants
where chefs innovate dishes with seaweeds for adventur-
ous consumers (Bell 2014; Pols 2015). However, more
applied information is needed on shelf life, processing
techniques, and distribution methods of fresh seaweeds
to facilitate smooth trade between the seaweed producers
and restaurant owners. The two species studied in this
paper, P. palmata and G. tikvahiae, belong to different
families of red seaweeds, thus being genetically and mor-
phologically different (Abbott 1978; Mouritsen et al.
2013a, b). It was expected that P. palmata and G.
tikvahiae might respond to the storage temperatures dis-
tinctively. The primary objective of this research was to
evaluate various quality attributes of P. palmata and G.
tikvahiae under two storage temperatures. The lower tem-
perature, 2 °C, is recommended for storage of many fresh
vegetables (Gast 2001) whereas the higher temperature,
7 °C, more closely reflects conditions commonly ob-
served in restaurant refrigerators, which are repeatedly
opened and closed throughout the day. A second objective
was to evaluate the methods used to analyze quality
changes in the seaweeds and to recommend appropriate
analytical methods for these species.

Materials and methods

Sample preparation

Two separate storage studies were conducted on P. palmata
(February harvest) and G. tikvahiae (September harvest),
based on their seasonal availability. Seaweeds were main-
tained at two refrigeration temperatures, 2 and 7 °C.
Microbial, physicochemical, and sensory quality analyses
were conducted every 2–3 days, based on the availability of
sensory panelists, for up to 2 weeks or until samples were
considered inedible. Freshly harvested seaweeds (Maine
Fresh Sea Farms, Bristol, ME, USA) were rinsed with seawa-
ter and delivered on harvest day (G. tikvahiae) or the day after
harvest (P. palmata). On day 0 of each study, seaweeds were
delivered and sorted to remove any damaged parts, and then
portioned into 2-gal Ziploc bags with each bag containing
450–500 g sample. The experiment was conducted in tripli-
cate, and sample bags were kept under refrigerated storage and
were subsampled each testing day.

Microbial analysis

Seaweeds (15 g) were aseptically placed in a stomacher bag
with 0.1% bactopeptone (BD Diagnostics, USA) (1:10 w/v)
and mixed for 2 min using a BAGMixer 400 (Model P,
SpiralBiotech, Advanced Instruments, Norwood, MA,
USA). Aliquots (1 mL) of varying dilutions (10−1–10−7), de-
pending on the testing day, were plated in duplicate on
Petrifilm Aerobic Count Plate (APC) (3 M, St. Paul, MN,
USA) and incubated for 48 h at 37 °C after which films with
30–300 colony-forming units (CFUs) were counted for enu-
meration. Duplicate values for each of the three treatment
replicates were averaged, and the data were reported as log
CFU g−1. The triplicate values were then averaged to present
the data on the graph.

Sensory evaluation

Twelve panelists, between the ages of 18 and 60, who self-
identified as seaweed consumers, were recruited for the sen-
sory evaluation of refrigerated seaweeds. Prior to the study,
participants were trained for 30 min on each seaweed species
to become familiar with their specific quality attributes and to
develop descriptors for color, aroma, texture, and overall qual-
ity. On each testing day, pooled samples from each treatment
replicate were presented on a white ceramic plate under nor-
mal white light and evaluated by a minimum of 8 to a maxi-
mum of 12 panelists. The evaluation sheet comprised a 15-cm
unstructured line scale (Meilgaard et al. 2006) for color, aro-
ma, texture, and overall quality with opposite descriptors
(Table 1) on either end of the line scale. On the line scale, 0
represented the poor quality score whereas 15 represented

Fig. 1 Fresh P. palmata (left) and G. tikvahiae (right)
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an excellent quality score. Approval for research with human
subjects was obtained from the Institutional Review Board
(IRB) prior to conducting sensory analyses. All panel mem-
bers were provided with an informed consent document prior
to participation.

Colourimetric analyses

Seaweed color during storage was assessed using a colorime-
ter (LabScan XE, USA). Each treatment replicate was sam-
pled ten times, with three L*, a*, b* values measured for each
sample after 120° rotations. Color change (ΔE) over time
within treatment was calculated on each test day in compari-
son to day 1 values using the following formula:

ΔE*
ab ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L*2−L
*
1

� �2 þ a*2−a*1
� �2 þ b*2−b

*
1

� �2
q

where L∗, a∗, and b∗ are the lightness, redness, and yellowness
values, and 1 stands for day 1 of testing whereas 2 stands for
other test days.

Instrumental texture

Different morphologies ofP. palmata andG. tikvahiae (Fig. 1)
required different methods for analyzing texture. Texture pro-
file analysis was employed for P. palmata due to its thin, flat
blades. P. palmata samples (80 g) were cut into 3 cm × 3 cm
squares using a cutter and then stacked to 0.8 cm in height on
the texture analyzer (TA-XTi2, Texture Technologies Inc.,
Scarsdale, NY, USA) platform. A flat-bottomed cylindrical
probe of 5.1-cm diameter was used to compress the samples
by 0.3 cm with a 2 mm s−1 test speed. Hardness was recorded
as force in Newton (N) by the texture analysis software
(Exponent 32, version 5.0, 6.0, 2010, Texture Technologies
Inc) on eight samples per treatment replicate. Gracilaria was
evaluated with the Kramer shear method since the thalli
branches were firm and stick-like. Samples were packed
3 cm high in a mini Kramer shear cell (TA-XTi2, Texture
Technologies Inc) with five flat blades set to travel 2.9 cm in
a downward direction at 1 mm s−1 to shear the samples. Force
(N) required to shear the sample was recorded for a total of 10
samples per treatment replicate.

Drip loss

Profuse drip loss was observed during the P. palmata storage
study, and hence, drip loss was quantified during the later
performed G. tikvahiae storage study. Drip loss was defined
as cellular fluids lost during storage and was measured in G.
tikvahiae by decanting the sample bags immediately after tak-
ing them out of refrigerated storage for 30 s to remove any
pooled liquid. Samples and liquid were weighed (g), and drip
loss was calculated as percent fluid lost compared to the initial
sample weight using the following formula:

%Drip loss ¼ Fluid loss gð Þ
Initial sample weight gð Þ � 100

Soluble protein

Soluble protein was extracted using the methods described by
Paull and Chen (2008) with slight modifications. Briefly,
chopped sample (8 g) was homogenized (Polytron,
Brinkmann Instruments, USA) with 32 mL sodium phosphate
buffer (pH 7) for 2 min. Samples were centrifuged (Beckman
J-25, Brea, CA) at 14,000×g for 15 min, and the supernatant
was frozen at − 20 °C until further analyses. Protein analysis
of P. palmata was performed as described by Lowry et al.
(1951), using bovine serum albumin (BSA) as a standard,
and absorbance was read at wavelength 700 nm. Since protein
precipitation was observed during G. tikvahiae analysis using
the Lowry method, the Bradford (1976) method was used to
assess soluble protein ofG. tikvahiae and absorbancewas read
at 595 nm.

Statistical analyses

One-way analysis of variance (ANOVA) was used to test for
differences among treatments for each dependent variable on
each day. When significant differences were observed,
Tukey’s honest significant difference (HSD) test was used to
determine which treatments were significantly different from
one another. Two-way ANOVA was used to assess overall
effects of storage time and temperature. Data were analyzed

Table 1 Descriptors used for sensory evaluation of P. palmata and G. tikvahiae

Sensory attribute P. palmata G. tikvahiae

Score 0 Score 15 Score 0 Score 15

Color Faded plum-red Dark plum-red Faded brown-red Dark brown-red

Aroma Unpleasant Pleasant Unpleasant Pleasant

Texture Fragile Strong Limp Firm

Overall quality Complete loss of freshness Fresh Complete loss of freshness Fresh
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using JMP 12.2 (SAS Software, USA). A significance level of
p < 0.05 was chosen for all statistical analyses.

Results and discussion

Microbial analysis

Gracilaria tikvahiae microbial counts increased significantly
(p < 0.05) for both storage temperatures, reaching 7.5 log
CFU g−1 by day 12 (Fig. 2) and likely contributed to spoilage
during storage. However, Paull and Chen (2008) concluded
that microbial growth was not the primary cause of quality
loss in Gracilaria salicornia during storage. In comparison
to G. tikvahiae, no significant changes in APC were observed
in P. palmata over time. Liot et al. (1993) also found no sig-
nificant change in the microbial load of P. palmata washed
with seawater and then stored at 4 °C for 2 weeks. Storage
temperature did not significantly affect APC of either species.
Although it appears that P. palmata stored at 2 °C had higher
microbial counts on day 1 compared to days 3 and 6, there
were no significant differences in microbial activity among
these days. The minor decrease in the microbial activity could
be attributed to temperature shock due to initial storage at
2 °C. P. palmata had lower APC, 3.0–5.2 log CFU g−1, com-
pared to G. tikvahiae throughout storage. Differences in APC
between species may be attributed to their different growing
and harvest seasons: winter for P. palmata and late summer for
G. tikvahiae. The average water temperature was approxi-
mately − 2 °C during the P. palmata harvest and about
15 °C during the G. tikvahiae harvest (Perry Phytoplankton
&Optics Lab 2010). Moreover, the warmer water temperature
in the summer, closer to the optimal growing temperature of
20–45 °C for mesophilic aerobic bacteria, could have contrib-
uted to the higher microbial counts forG. tikvahiae. However,
microbial activity did not appear to be a significant contributor
to quality loss for P. palmata. Seaweeds are known to contain
a variety of antimicrobial compounds, including terpenes,

phenols, and tannins, and their extracts have repeatedly shown
antimicrobial activity against Gram-positive and Gram-
negative bacteria (Cox et al. 2010; Gupta et al. 2010). This
could have aided in keeping the microbial counts of P.
palmata below 6 log CFU g−1 over time. Although there is
no critical cutoff value for microbial counts in fresh seaweeds,
Debevere (1996) recommended an upper microbial limit of 8
log CFU g−1 for fresh fruits and vegetables intended for hu-
man consumption. Although the aerobic plate counts provided
a general assessment of microbial activity in the fresh sea-
weeds, characterization of specific bacteria present in P.
palmata and G. tikvahiae is necessary to gain a deeper under-
standing of microbial spoilage during storage.

Sensory evaluation

A drop in sensory color scores during storage indicated fading
in both seaweed species (Table 2). However, their intrinsic
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Fig. 2 Aerobic plate counts of P. palmata and G. tikvahiae during
refrigerated storage. Each value represents the mean ± standard error
(n = 3)

Table 2 Sensory color, aroma, and texture scores for P. palmata andG.
tikvahiae during refrigerated storage. Each value represents a mean ±
standard error, (n = 8–12, depending on the testing day). Values not
sharing a letter are significantly (p < 0.05) different within columns,
within each treatment, analyzed by ANOVA followed by Tukey’s HSD
post hoc test

P. palmata G. tikvahiae

Color

Day Pp 2 °C Pp 7 °C Day Gt 2 °C Gt 7 °C

1 12.8 ± 0.5c 13.2 ± 0.2c 1 12.3 ± 0.4c 12.5 ± 0.3c

3 11.2 ± 0.7bc 11.5 ± 0.5c 3 10.9 ± 0.8c 11.8 ± 0.5c

7 9.4 ± 0.7bc 5.6 ± 0.7b 5 10.0 ± 0.8c 10.9 ± 0.5bc

9 9.0 ± 0.9ab 4.2 ± 0.4ab 8 9.6 ± 0.8bc 9.0 ± 0.5ab

11 8.8 ± 1.0abc 3.0 ± 0.5a 10 6.3 ± 0.7ab 9.1 ± 0.7ab

14 5.6 ± 0.9a 12 4.2 ± 1.0a 6.8 ± 1.1a

Aroma

Day Pp 2 °C Pp 7 °C Day Gt 2 °C Gt 7 °C

1 12.9 ± 0.5b 13.2 ± 0.2b 1 12.3 ± 0.4c 12.4 ± 0.5b

3 10.8 ± 0.9b 10.9 ± 1.2b 3 11.4 ± 0.8c 11.9 ± 0.5b

7 9.5 ± 0.9b 6.2 ± 0.8a 5 10.0 ± 0.7bc 9.9 ± 0.7ab

9 9.7 ± 0.9b 5.4 ± 1.3a 8 9.9 ± 1.0bc 7.6 ± 1.0a

11 9.1 ± 0.5ab 4.6 ± 0.8a 10 7.2 ± 1.1ab 7.3 ± 1.2a

14 5.0 ± 1.3a 12 4.6 ± 1.2a 7.2 ± 1.1a

Texture

Day Pp 2 °C Pp 7 °C Day Gt 2 °C Gt 7 °C

1 13.0 ± 0.5b 12.2 ± 0.6c 1 12.9 ± 0.6c 12.8 ± 0.7b

3 12.2 ± 0.6ab 12.2 ± 0.5c 3 11.4 ± 0.4bc 12.2 ± 0.5b

7 11.3 ± 0.3ab 6.7 ± 0.9b 5 10.9 ± 0.3bc 9.6 ± 0.8ab

9 9.4 ± 1.1a 6.6 ± 1.1b 8 9.9 ± 0.8b 9.1 ± 0.9ab

11 9.2 ± 0.5a 1.3 ± 0.3a 10 6.8 ± 0.9a 7.9 ± 1.1a

14 9.3 ± 1.1a 12 4.3 ± 0.9a 7.2 ± 0.9a

734 J Appl Phycol (2019) 31:731–739



colors faded at different rates at 2 and 7 °C, clearly showing a
significant effect of storage temperature on color stability. At
7 °C, P. palmata color scores plummeted to 5.5 by day 7
compared to an initial score of ~ 13 on the first day. In con-
trast, at 2 °C, the scores did not drop significantly until
day 14, indicating less fading of the initial plum-red P.
palmata color at the lower storage temperature. Storage
time and temperature both significantly affected sensory
color scores for P. palmata and G. tikvahiae. However,
the effects of storage temperature on sensory color scores
for G. tikvahiae were less pronounced compared to P.
palmata. For G. tikvahiae, the color scores dropped to
~ 6 on day 10 for samples at 2 °C while samples stored
at 7 °C continued to receive higher scores (~ 10), sug-
gesting that the higher temperature (7 °C) storage main-
tained G. tikvahiae quality better compared to the lower
temperature. It was observed that the P. palmata did not
fade in any particular spatial pattern, with discolored
patches randomly appearing on P. palmata blades.
Gracilaria lost its dark red color starting at the tip, how-
ever, within a cluster, random tips faded, with no partic-
ular pattern. This lack of uniformity made it difficult to
assess seaweed color consistently throughout storage.

Evaluation of aroma clearly indicated distinctly differ-
ent effects of storage temperature on the two species. For
P. palmata, the higher temperature accelerated a decrease
in sensory aroma scores (Table 2) over time whereas for
G. tikvahiae stored at 7 °C, the scores were maintained
in the middle of the scale. These results indicate that the
higher temperature preserved the initial pleasant aroma
for longer in G. tikvahiae. Time and temperature had a
significant effect on aroma of P. palmata, but only time
affected sensory aroma scores of G. tikvahiae. LePape et
al. (2002) assessed aroma of P. palmata stored in artifi-
cial seawater at 4 °C and reported that Bfresh^ aroma
sensory scores dropped during storage. Interestingly,
even though seaweeds are not fish, panelists noted the
presence of Bfishy^ aromas in P. palmata stored at 7 °C
after day 7 and scored the samples on the lower
(Bunpleasant^) end of the scale. Decaying seaweeds pro-
duce nitrogenous compounds including ammonia, me-
thylamine, and trimethylamine, which are often responsi-
ble for Bfishy^ aromas (Mouritsen et al. b), and have
been reported previously in the seaweed Fucus
vesiculosus (Smith and Young 1953).

Sensory texture scores decreased significantly for both
the species over time (Table 2). However, storage tem-
perature significantly affected only P. palmata, with the
higher temperature accelerating texture loss. As the sam-
ples lost their textural integrity over time, panelists de-
scribed the P. palmata as Bwilted^ and Bmushy.^ After
11 days of storage, P. palmata stored at 2 °C had scores
nine times higher compared to at 7 °C, clearly indicating

that the lower storage temperature maintained the initial
texture better for this species. In contrast, G. tikvahiae
stored at 7 °C scored approximately 1.5 times higher
than samples stored at 2 °C by day 12. Although both
species are Rhodophyta, they have very different physi-
cal structures and different descriptors were developed to
assess their texture. Some panelists noted that toward the
end of the study, some G. tikvahiae branches were firm
whereas some were extremely limp, indicating that tex-
ture deteriorated randomly throughout the samples.

For overall quality, storage temperature had a large,
significant effect on P. palmata scores whereas the ef-
fects were minimal for G. tikvahiae (Fig. 3), clearly in-
dicating that overall quality was maintained better at
lower temperature for P. palmata. This is in agreement
with the trend seen for all other sensory quality scores
for P. palmata during storage. Panelists commented that
they would not consume P. palmata stored at 7 °C but
would consume samples stored at 2 °C after 11 days of
storage. Differences between storage temperatures ap-
peared toward the end of the study for G. tikvahiae, with
samples at 7 °C scoring somewhat higher; however, tem-
perature did not have a significant effect on its overall
quality scores.

Sensory methods, using trained or untrained panels, have
been used widely to measure quality of fresh vegetables,
where the advantage over instrumental methods is that the
samples are evaluated by the end consumer (Gómez-López
et al. 2008; Barrett et al. 2010; Banerjee et al. 2016). In the
current study, sensory data were extremely useful in evaluat-
ing quality deterioration in fresh P. palmata and G. tikvahiae
and provided valuable results. However, the sensory training
provided to panelists was limited to 30 min per species, and
some variation in panelist scoring was observed. More com-
prehensive training following well-established protocols
could help to minimize variation in sensory scores in future
studies. In addition, it would be beneficial to have freshly
harvested seaweed to compare with stored samples each test
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Fig. 3 Sensory overall quality scores for P. palmata and G. tikvahiae
during refrigerated storage. Each value represents the mean ± standard
error (n = 8–12, depending on the testing day)
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day; however, ongoing harvest of seaweeds was not logisti-
cally feasible throughout this study. To our knowledge, there
are no established quality criteria for fresh seaweeds; thus,
panelists’ scores and comments provided a deeper insight into
sensory quality changes in P. palmata andG. tikvahiae during
refrigerated storage.

Drip loss

Gracilaria stored at 2 °C lost approximately 4% cellular liquid
by day 12, twice as much as G. tikvahiae stored at 7 °C
(Fig. 4), suggesting that cellular integrity of G. tikvahiae was
maintained better at the higher temperature. These results
were consistent with the sensory and instrumental texture da-
ta. Low storage temperatures (< 10–12 °C) can cause chilling
injury, causing disruption of cellular structure and the subse-
quent loss of cellular liquid in warm season vegetables (Lyons
and Breidenbach 1987; Kader 2002), as seen in G. tikvahiae.
Similarly, Porter et al. (2003) reported yellowing and wilting
due to moisture loss in Chinese cabbage stored at 0 °C and
2 °C. Increased electrolyte leakage and chilling injury deteri-
orated cellular integrity of G. salicornia cultivated in Hawaii
and stored at 10–12 °C, compared to at 15–20 °C (Paull and
Chen 2008). In contrast, observed (although not measured)
drip loss in P. palmata was higher at 7 °C than at 2 °C. Drip
loss in seaweeds during storage may result in considerable
economic and quality loss. A maximum of 3–5% drip loss is
permissible beyond which fresh spinach and lettuce are con-
sidered unsalable (Robinson et al. 1975).Moreover, Jung et al.
(2012) concluded that consumer perception of fresh spinach
leaves was strongly and negatively correlated to water loss
over time. Drip loss was measured in G. tikvahiae because a
profuse loss of cellular liquid was observed in P. palmata over
time. The thin, flat surface of P. palmata fronds, similar to that
of green leafy vegetables could have accelerated drip loss due
to increased rate of respiration (Ben-Yehoshua 1987). In sum-
mary, drip loss was a quick, easy, and reliable method to assess
quality loss of fresh seaweeds during refrigerated storage.

Colourimetric analyses

P. palmata and G. tikvahiae lost their initial dark red color
toward the end of storage, which contributed to increasing
ΔE values (Fig. 5). Delta E values for P. palmata stored at
7 °C increased significantly over time and faster compared
to samples stored at the lower temperature, clearly indicating
the effect on color due to the storage temperature difference.
Increasing a* and b* values over time were major contributors
to color change in P. palmata samples. A rise in a* values
indicates an increase in redness, which did not match the fad-
ing of red color that was perceived by the sensory panel. The
clumping of P. palmata by the end of the study affected the
measurement of a* value, which could be explained as an
artifact effect of the wilted P. palmata. Contrastingly, for G.
tikvahiae, the ΔE values were significantly lower in samples
stored at 7 °C compared to samples at 2 °C. The significant
effects of storage temperature and time on instrumental color
agree with the sensory color results. Changes in color may be
due to a loss of water-soluble phycobiliproteins, responsible
for red color in P. palmata and G. tikvahiae, with increasing
liquid exudation over time in both species (Gantt 1990; Paull
and Chen 2008). Color of fruits and vegetables is one of the
most important factors in food choice, preference, and accept-
ability for consumers (Clydesdale 1993; Rico et al. 2007), and
deterioration of initial color contributed to the diminished
quality of P. palmata and G. tikvahiae during storage.

Texture analyses

For P. palmata, texture profile analysis (TPA) hardness values
were significantly affected by time and temperature, with the
values decreasing over time and with higher storage tempera-
ture. Hardness represents the peak force during the first com-
pression cycle of the TPA. The lower hardness values toward
the end of storage indicate decreased resistance of the seaweed
to compression (Table 3), which corresponded with the in-
creased wilting that was observed. On day 12, force values
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Fig. 4 Drip loss values for G. tikvahiae during refrigerated storage. Each
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for P. palmata stored at 2 °C were over 5 times higher than for
P. palmata at 7 °C, indicating that the P. palmata fronds wilted
more quickly at the higher storage temperature, which was
consistent with the sensory texture values and panelist com-
ments. Similarly, Banerjee et al. (2016) reported that cabbage
samples stored at higher temperature lost firmness faster com-
pared to samples stored at lower temperature. In plant cells,
turgor pressure is responsible for crispness, and in conjunction
with cell wall and adjacent polysaccharides contributes to the
overall texture of vegetables (Martens and Baardseth 1987,
Waldron et al. 2003). As drip loss in vegetables increases
due to transpiration and respiration postharvest, cell polymers,
particularly the cell wall polysaccharides agar and carrageen-
an (in the case of red seaweeds) (Rioux et al. 2017) break
down, minimizing cell adhesion and resulting in a soft, wilted
texture (Buren 1979; Waldron et al. 1997, 2003; Kader 2002).
The excessive water loss observed in P. palmata, particularly
samples stored at the higher storage temperature, caused the
smooth, flat P. palmata fronds to shrivel and wilt during
storage.

In contrast to instrumental texture for P. palmata, shear
force values for G. tikvahiae were not affected by time or
temperature. Shear force values for G. tikvahiae at 2 °C in-
creased significantly over time. However, force values for G.
tikvahiae at 7 °C did not change significantly. Paull and Chen
(2008) also assessed G. tikvahiae texture during refrigerated
storage using a Kramer shear force method and reported that
the samples became limp over time; however, the data were
highly variable.

Texture for P. palmata and G. tikvahiae were assessed
using two different methods, texture profile analysis using
compression and Kramer shear using shear force, respectively.
Although a few overall inferences can be made, the data from
the two methods cannot be directly compared since there is no
established protocol to convert the two data. Texture is a

crucial parameter for assessing quality in vegetables since
decreased textural quality negatively impacts appearance and
sales of produce (Kader 2002). However, the instrumental
texture results were highly variable for both methods used.
Although texture deteriorated visibly for both the species,
the instrumental methods used were not as responsive to
change as the sensory texture evaluation results, particularly
for G. tikvahiae. The lack of uniformity in texture among and
within the fronds contributed to the high variability, although
sample heights were standardized during texture analysis due
to the obvious wilting of the seaweeds over time. However,
standardizing the mass may reduce variability. Moreover, al-
ternate instrumental methods other than TPA and Kramer
shear could be explored to assess changes in texture over time.
In general, TPA results are based on two compressions and
assess multiple parameters including hardness, resilience, ad-
hesiveness, gumminess, and chewiness. However, the stacked
cutouts of P. palmata slid out of the stack post the first com-
pression at multiple occasions, making the data derived from
second compression unreliable. Hence, only hardness values,
based on the first compression, were reported in this paper.

Soluble protein

The values for soluble protein ranged from 0.1 ± 0.0 to 3.4 ±
0.7 mg g−1 for both the seaweeds with no significant differ-
ences observed over time in either species regardless of stor-
age temperature (data not shown). In contrast, Paull and Chen
(2008) reported losses of as much as 50% soluble protein in
fresh G. salicornia after 6 days of storage. Differences be-
tween studies could be due to different species or to the much
higher storage temperatures (16 and 21 °C) used in that study.
However, for fresh P. palmata andG. tikvahiae stored at 2 and
7 °C, soluble protein analysis was not a useful method of
tracking quality changes during refrigerated storage. Because
the high polysaccharide content in seaweeds can hinder effec-
tive protein extraction, pretreatment with osmotic shock as
reported by Harnedy and FitzGerald (2013) should be consid-
ered to disrupt cells and maximize the extraction of water-
soluble proteins.

Conclusions

Palmaria palmata and G. tikvahiae followed opposite trends
with regard to effects of storage temperature on quality over
time. Quality parameters assessed in this study showed that P.
palmata quality was maintained better at 2 °C, compared to at
7 °C. In contrast, the higher storage temperature preserved
quality better in G. tikvahiae. Drip loss, wilted texture, and
fading of the initial red color were the leading causes of qual-
ity loss in fresh P. palmata and G. tikvahiae during refrigerat-
ed storage. Although microbial activity did not increase

Table 3 TPA force and for P. palmata and Kramer shear force for G.
tikvahiae during refrigerated storage. Each value is the mean ± standard
error (n = 3). Values not sharing a letter are significantly (p < 0.05)
different within columns, within each treatment, analyzed by ANOVA
followed by Tukey’s HSD post hoc test

P. palmata G. tikvahiae

Hardness (N) Force (N)

Day Pp 2 °C Pp 7 °C Day Gt 2 °C Gt 7 °C

4 162.5 ± 20.4a 121.5 ± 5.7b 2 183.4 ± 8.5a 216.2 ± 23.4a

6 91.4 ± 17.7a 91.9 ± 12.9b 4 180.8 ± 13.6a 221.2 ± 19.5a

8 124.7 ± 26.1a 35.6 ± 16.0a 6 206.8 ± 8.2ab 218.3 ± 32.4a

10 111.8 ± 41.0a 13.3 ± 4.0a 9 243.6 ± 6.0ab 213.6 ± 7.2a

12 55.8 ± 12.7a 10.4 ± 2.2a 11 262.9 ± 27.9b 200.2 ± 16.0a

13 212.6 ± 4.1ab 184.5 ± 11.4a
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consistently in P. palmata over time, G. tikvahiae microbial
counts continued to increase throughout storage. Based on
findings of this study, drip loss, sensory evaluation, instru-
mental color, and aerobic plate counts yielded reliable and
useful results, while instrumental texture analyses and soluble
protein did not provide consistent data. In summary, this study
provides essential information on quality changes of P.
palmata and G. tikvahiae during refrigerated storage, which
can support the food industry to promote the distribution and
consumption of seaweeds as fresh vegetables. Additionally,
the analytical methods used in this study may facilitate the
development of established procedures to assess quality and
shelf life of fresh seaweeds in future studies.
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