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Abstract
Stress and growth rates in microalgae and seaweeds are often evaluated by different methods, making the resulting data often 
incomparable. This poses significant challenges for basic and applied phycological research and algae industry development. 
To address this issue, we provide a protocol with quantitative definitions and mathematical formulae for assessing algal stress 
on biomass productivity in organisms and populations. Our purpose with this protocol is to offer a mathematical model to 
quantify and compare stressors and strains across algal taxa, going beyond qualitative and species-specific approaches. We 
have applied our protocol to analyze data from studies on Ulva lactuca L. growth under thermal stress and nutrient limita-
tion to demonstrate our protocol's utility and easiness of use. We also present a new and unified perspective for algal stress 
ecophysiology.
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Introduction

Algae offer unique solutions to major global problems, from 
climate mitigation and bioenergy to bioplastics and food (da 
Rosa et al. 2023; Farghali et al. 2023). Applied phycological 
research is often reliant on accurate measurements of algal 
biomass productivity to ascertain necessary amounts of wet 
weight, dry mass, or phycoproducts (Buschmann et al. 2017; 
Muhammad et al. 2020; Cai et al. 2021; Rehman et al. 2022). 
Following closely on this data, the algae industry depends 
on comparing methods and results and then deciding which 
one is appropriate for a particular production requirement 
(Rehman et al. 2022; Ayala et al. 2023). However, as shown 
by Yong et al. (2013), the different formulae available to 
measure algal growth can lead to very different results upon 
analyzing the same growth data (Glenn and Doty 1992; 
Schmidt et al. 2010; Luhan and Sollesta 2010; Hayashi et al. 
2011). For seaweeds, whereas Yong et al.'s (2013) proposed 
formula has proven a widely used method, their framework 
has no provisions to measure stress and its effect on growth 
rate. In the microalgal literature recent research on algal 

growth rates has also resorted to different formulae aimed 
at more specific situations, such as examining the rate of 
increase in cell density (Indrayani et al. 2019; Kim et al. 
2020) or correlating dry weight increase rates and absorb-
ance (Griffiths et al. 2011; Cheng et al. 2022). However, 
there still is currently no unified protocol or model to pro-
vide for the methodological gap on quantitatively assessing 
the effect of stress on growth rate and biomass productivity 
for microalgae and seaweeds. Therefore, researchers and 
industries still have to bear with productivity data that is 
often not comparable among studies on the same stressor 
and that does not relate quantitatively to data from studies 
on different stressors.

While stress is a foundational concept to organismic 
and population biology (Sutherland et al. 2013), there is no 
consensus in the literature regarding its definition. Recent 
debates have also failed to reach a consensual or working 
definition, with different perspectives on stress and its eco-
physiology remaining entrenched (Borowitzka 2018; Kültz 
2020; Makuya et al. 2023; Rosado et al. 2023; Schradin et al. 
2023). A profusion of qualitative approaches has also lead 
to increased skepticism surrounding the operational value of 
stress in ecophysiology (Schradin et al. 2023). The lack of 
mathematical treatment in current proposals poses a signifi-
cant obstacle towards a unified method for stress evaluation.
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To address this problem, we offer a protocol to meas-
ure stress and growth rate for studies on algal stress eco-
physiology. To this end, we present quantitative definitions 
and mathematical formulae applicable to evaluate organ-
ismic and populational biomass productivity rates. Our 
approach aims to provide a mathematical framework that 
goes beyond qualitative and species-specific approaches, 
offering a more quantitative foundation for the study of 
stress in algal ecophysiology.

New formulae and quantitative definitions 
for stress and growth

Our quantitative proposal defines growth as all forms of total 
biomass increase from an organism or population. In our 
framework, to that effect, growth can happen vegetatively, 
clonally, colonially, by division, or by reproduction, for 
example. In the case of growth by division or reproduction, 
the initial parental biomass should be accounted for as well 
as that of the progeny cumulatively. This also allows for the 
continuous modeling of populations that exhibit seasonal 
breeding and individuals with determinate body size. We 
define stress as the category of stressors that can affect strain 
on a given biological unit, such as an organism or a popula-
tion. We define strain as the reduction in growth compared 
to a situation where its causal stressor is absent. We posit 
that stress and strain cannot be presumed as such a priori, but 
only measured empirically. These definitions are able to be 
rendered mathematically to model organismal or population 
growth rate under strain in relation to its biomass productiv-
ity. Adapting formulae used for population growth (Frisman 
et al. 2021), we can modify the Verhulst-Pearl equation to 
mathematically model idealized growth, where rmax is the 
constant of the optimal biomass gain for a given organism 
or population (Eq. 1).

This formula represents an idealized maximum biomass 
growth rate where all stress is absent and all other condi-
tions are kept optimal. However, this formula would be of 
little use in real cases. It requires an adaptation to model 
growth under real conditions, where stress is present and 
needs to be quantified. Following our proposed definitions, 
algae experiencing strain would exhibit a lower biomass 
accumulation over a given period compared to another not 
subjected to such strain. Therefore, the growth rate lost to 
strain (s) can be quantitatively defined as biomass under 
optimal growth (Wo) subtracted by biomass under strained 
growth (Ws) in a given time (Eq. 2):

(1)
dW

dt
= r

max
.W

Therefore, the biomass productivity rate of an organism 
or population under strain can be defined as (Eq. 3):

However, determining the optimal growth rate is unrealis-
tic. Therefore, the formula needs to be changed to determine 
the effect of a stressor in relation to a realistic biomass gain, 
substituting r max for a realistic growth rate parameter. We 
can introduce the actual growth rate parameter (a) as the 
maximum growth rate (rmax) multiplied by the growth rate 
loss to stress (s) (Eq. 4):

In real growth conditions algae would be subjected to 
many stressors, diminishing its biomass accumulation rate 
( r

max
> a ). Therefore, the actual growth rate of algal popula-

tions or organisms could be expressed as biomass (W) multi-
plied by the actual growth rate parameter (a) (Eq. 5):

Due to the relational nature of our definition of strain, we 
can substitute a comparison to optimal growth for a com-
parison between a stress treatment and a stress-free control. 
This can be done if other parameters are kept constant across 
treatments and controls, since the optimal growth parameters 
from the stress treatment and stress-free control would can-
cel out if we compare them by taking their ratio. On rear-
ranging the formulae, we can thus quantify directly the effect 
of algal stressors. Biomass lost to strain (s) can be defined 
as the ratio between the treatment group actual growth rate 
(at) and the control group actual growth rate (ac), as other 
parameters would cancel out (Eq. 6):

In this way, our mathematical framework enables quan-
titative comparisons of stressor effects on organismic and 
populational biomass growth rate, both on continuous or 
discrete data.

Protocol applications

We used to data from two studies by Peruzzi (2008) on the 
seaweed Ulva lactuca L. growth rate under different stress-
ors to showcase our protocol's application.
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Example  Ulva lactuca under thermal stress. In the absence 
of thermal stress (control), U. lactuca exhibited a growth 
rate of 0.59 g day-1 (ac). When subjected to thermal stress 
under low temperatures (treatment), the growth rate dropped 
to 0.02 g day-1 (at).

Controls:

Treatment:

To quantify the strain caused by thermal stress, we cal-
culate s as follows:

In this case, the actual biomass productivity rate (ac) 
was multiplied by 0.0339 (s). This resulted in 96.6% of the 
growth rate lost to strain, due to a thermal stressor.

Example  Ulva lactuca under nutritional stress. Ulva lactuca 
growth rates differed under nutrient saturation (control) and 
nutrient limitation (treatment). Under nutrient saturation, 
the growth rate was 1.7 g day-1 (ac), whereas under nutrient 
limitation, it dropped to 0.13 g day-1 (at).

Controls:

Treatment:

To quantify the strain caused by nutrient limitation 
stress, we calculate s as follows:

Under this treatment, strain due to nutrient limitation 
was responsible for a 95.5% loss in biomass productiv-
ity rate, a similar value to the 96.6% loss under thermal 
stress. In this way, the effects of thermal and nutritional 
stress are rendered quantitatively comparable in this study. 
By analyzing data from total biomass productivity in cul-
tures subjected to different treatments, this approach can 
be applied to microalgae as well. This method of examin-
ing total biomass avoids the complications that arise from 
differences in cell size and morphology due to replication 

a
c
= 0.59

a
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= 0.02

s =
a
t

a
c

=
0.02

0.59
≈ 0.0339

a
c
= 1.7

a
t
= 0.13
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a
t

a
c

=
0.13

1.7
≈ 0.0765

time, which would affect the results if one examined cell 
density instead (see e.g., Indrayani et al. 2019).

Discussion

Seaweed and microalgal ecology and physiology were his-
torically founded on the analysis of biomass increase and 
decrease, evaluated chiefly by productivity and growth rate, 
and by the effects of disturbance (meaning the discrete par-
tial or total removal of biomass) and stress (Strickland 1960; 
Steneck and Dethier 1994; Airoldi 1998; Pessarrodona et al. 
2022). The assessment of biomass productivity and stress in 
microalgae and seaweeds is also the methodological founda-
tion of the algae products industry (Cai et al. 2021; Rehman 
et al. 2022). Accurately being able to parameterize growth 
rate and stress responses (strain) is pivotal to this aim to 
optimize phycoproduct production methods.

Stress can correlate to many biological responses (Rosado 
et al. 2023), such as discoloring, sporulation inducement, or 
increased susceptibility to pathogens. We agree with recent 
discussions in the ecological literature that state that these 
particulars are biologically significant and should be investi-
gated (Schradin et al. 2023) with quantitative methods when-
ever possible. However, our proposal distinguishes itself by 
providing a universally applicable mathematical framework, 
usable from microalgal cells to kelp populations, by evaluat-
ing biomass differentials (strains) in response to their effec-
tors (stressors), whereas other models fail to parameterize 
logistic growth rate and are silent on strain evaluation.

In this way, we offer a quantitative alternative to qualita-
tive and species-specific discussions on whether unusually 
cold winters are stressful, or prolonged drought might render 
an environment harsher (Rosado et al. 2023; Schradin et al. 
2023). We propose that algal stress ecophysiology can be 
unified by a quantitative approach, by asking two questions: 
is there strain ( at

a
c

< 1) ? If so, how much ( s = a
t

a
c

)?
By enabling direct comparisons of stressors' effects on 

growth, our proposal offers a valuable tool to quantify and 
compare the effects of various stressors across the biologi-
cal units of interest. This approach was aimed to contribute 
to the development of an operational quantitative approach 
for stress and strain, supporting comparative and modeling 
studies, basic and applied, across stressors and taxa.

Conclusion

This paper presents a novel and comprehensive quantita-
tive protocol for assessing stress in algal ecophysiology, 
offering clarity and precision in the study of stressors and 
strains across organisms and populations. By introducing 
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quantitative definitions and mathematical formulae for 
growth, stress, and strain, our approach goes beyond quali-
tative and species-specific discussions, providing a unified 
perspective for stress physiology. With the ability to quantify 
and compare stressor effects on growth, our framework pro-
vides a valuable tool for seaweed and microalgae ecologists, 
physiologists and applied researchers interested in under-
standing the effects of stressors on organismic and popula-
tional growth rates. This approach supports a more rigorous 
and unified understanding of stress in phycology, enabling 
comparative and modeling studies across taxa and stressors 
in natural and laboratory settings.
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