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Abstract. Stress comprises three sequential stages: the event (stressor), which leads to an initial effect on
a focal organism (stress), followed by the organism’s ultimate response (recovery or not). Using this frame-
work, we test how the duration and timing of a stressor individually and interactively affect the initial and
asymptotic organism outcomes. We applied either long or short water restrictions either early or later in
the life of Lepidium sativum. While several of these water restriction treatments caused a noticeable initial
effect, all were able to recover fully, except for those exposed to a long early water restriction. While long
early stressors led to decreased height, a growth model revealed that both long and short early stressors
changed the rate of growth and prolonged the inflection point, findings that would have been missed had
effect and response not been analyzed separately. Both the stressor and the magnitude of the initial effect
in part explained the change in the growth model parameter estimates. Overall, timing, duration, and,
more importantly, the interaction of these two temporal aspects of stress significantly affects an organism’s
initial response to a stressor and its ability to ultimately recover from stress. Our findings highlight the
importance of explicitly studying the interactions of stressor aspects and of examining the immediate stress
effects, as well as long-term responses.
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INTRODUCTION

Stress is ubiquitous in nature. Stressors affect
organisms across the tree of life including ani-
mals, plants, and bacteria. As a result, there is an
immense body of research variously addressing
the causes and consequences of insults to organ-
isms (Selye 1956, Mustroph et al. 2010, O’Mah-
ony et al. 2014, Tungjitwitayakul et al. 2015,
Doffo et al. 2017). We here argue that this can
most usefully be separated into three stages: the
cause (stressor), which generates an immediate

effect (stress), followed by an ultimate response
(recovery, or not) in the focal organism (Rykiel
1985, Shea et al. 2004, Borics et al. 2013).
The time when a stress response is examined

changes the conclusions drawn if the initial effect
differs from the ultimate response. A stressor can
cause a direct effect on the long-term response
and/or an immediate stress effect. This short-
term effect can then itself mediate the ultimate
response. In this manner, an organism’s final
growth is partly explained by the stressor, and
partly by the recovery immediately following the
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stressor. Without a cause-effect-response frame-
work, this process cannot be parsed out from a
single, ultimate response.

In general, the ultimate response to stress is a
decrease in fitness, such as a decrease in growth,
fecundity, or survival of the individual or its off-
spring. A key body of work focuses on whether
the duration of the stressor affects these
responses. Chronic stressors are generally con-
sidered as long in duration, in contrast with
acute stressors (Barker 1997, Romero 2004, Engle
et al. 2008, Miller et al. 2012). In many cases, the
longer a stressor lasts, the more damaging it is
(Szira et al. 2008, Martin 2009), but there is the
potential for acclimation to chronic stress
(Romero 2004). Furthermore, short-term stress
responses (e.g., in response to a natural enemy)
may in fact enhance fitness (Monaghan and
Haussmann 2015).

There is also a growing body of literature on
the role of the timing of a stressor in the life cycle
of an organism. An organism responds to stres-
sors throughout its life cycle, but the immediate
effects and ultimate responses may differ
depending on the timing of the stressor (Robert-
son et al. 2001, Szira et al. 2008, Lavery et al.
2009, La Pierre et al. 2011, Akiyama and Ågren
2012, Dietrich and Smith 2016, Nakahama et al.
2016, Li and Pennings 2017, McMunn 2017,
Holan et al. 2018). There is a growing recognition
that very early life history traits and events may
play a major role in determining species’ ecologi-
cal dynamics and function (Larson et al. 2020).
Specifically, stressors at early stages of an organ-
ism’s life can generate larger effects than the
same stressor later in life (Glynn et al. 2001,
Simčič et al. 2015, Tungjitwitayakul et al. 2015).

Thus, the same stressor can generate signifi-
cantly different responses depending on its tim-
ing or duration (McCormick et al. 2015).
Furthermore, a recent meta-analysis (Eyck et al.
2019) examining the effects of early-life stress
across metazoans suggests that the individual
responses to stressors were in part explained by
the interaction of the timing and the duration of
the stressor (Eyck et al. 2019). Despite this
insight, there is a dearth of empirical studies on
stressor interactions (but see, e.g., McCormick
et al. 2015).

We present here a study specifically designed
to address the potential for interactions between

the timing and duration of a stressor. We experi-
mentally manipulate timing and duration of
water restriction independently and together to
understand both the immediate effect on the
individual organism and the subsequent recov-
ery response of the organism. We argue that such
studies can be conducted with any type of organ-
ism and would be equivalently relevant to ani-
mals, bacteria, plants, etc. Here, we focus on a
deliberately simplified laboratory plant system
to examine the interactions of timing and dura-
tion using the stressor, stress, initial response,
ultimate response framework, providing a proto-
type for studies in more complex, natural sys-
tems.
We test water restriction as a cause of stress in

Lepidium sativum L., a forb commonly referred to
as garden cress. Our reference state is provided
by control plants that are watered daily. Treat-
ment plants are denied water either early or late,
and the duration of restriction is either long or
short, allowing us to attribute differences in
growth to timing and duration of the stressor.
We vary these aspects of stress while holding the
frequency, daily intensity, and spatial extent of
the water restriction constant. We hypothesize
that (1) early stressors have a larger impact on
plant growth (as plants have less mass and are
still actively growing); (2) long stressors are more
harmful than short stressors; and (3) the interac-
tion between early and long stressors is more
harmful than the additive effects of each individ-
ual stressor. Data on plant height immediately
after the stressor provide information on the ini-
tial stress effects. Plant growth data are then ana-
lyzed using growth models that illuminate the
different responses of the individuals. We further
hypothesize that the ultimate response will be
determined by both the stressor itself and the ini-
tial effect of that stressor.

METHODS

Growth experiment
Garden cress L. sativum L. (Brassicaceae) was

grown from seeds (Johnny’s Selected Seeds)
under 18–6 h light-dark cycle at 25°C and 75%
humidity. Ten seeds were evenly sown on 4 mm
thick paper towels in two rows in an 8 × 14 cm
transparent container with ventilation. No other
growth medium was provided. All experiments
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were conducted in a growth chamber (Percival
Scientific, Perry, Iowa, USA), and the location of
each container within the growth chamber was
randomized with respect to treatment. Cress
grows to 2–3 cm over ten days in this laboratory
setting under well-watered conditions and
remains at this height for at least five more days.

Ten containers were each assigned to one of
the following five water restriction treatments:
control (no restriction), long early, long late, short
early, or short late water restriction. Ten plants
were grown in each container. Except for the con-
trol, each treatment had water withheld for one
or two days (short and long treatments, respec-
tively) at day 1 or 7 of the experiments (early and
late treatments, respectively). Each container
received 10 mL of deionized water on watering
days, starting at day 0. Any excess water from
the previous day was drained from each con-
tainer before adding the daily watering treat-
ment.

Each seedling’s shoot length (defined here as
the length of the stem from the radicle to the
leaves) was measured daily for 10 d. On day 10,
we also recorded root length (defined here as the
straightened length of the longest individual
root) and branching growth pattern of the root
(binary branching index recorded as branched or
not branched) via destructive sampling, to
understand changes in root morphology associ-
ated with different root foraging behavior for
water among treatments. Shoot length, root
length, and branching index were averaged
across all plants in a container.

We recorded the initial biomass of all 10 seeds
before sowing in each container (no significant
difference in initial biomass was found across
containers). The total dry root biomass and dry
shoot biomass for each container were measured
at the end of the experiment, after desiccating the
samples in an incubator at 50°C for two days and
removing the seed coats.

Statistical analyses
To assess the initial effect of the treatments, we

used t-tests to compare the shoot heights a day
after water was withheld to those in the controls
on the same day. To assess the ultimate responses
to each treatment, we performed ANOVA
(n = 10 containers for each treatment) on final
shoot height (measured on day 10), root length,

dry shoot biomass, and dry root biomass using
the R package matrixStats (Bengtsson 2020).
When treatments differed significantly at
P = 0.05, we used Tukey’s HSD to compare
means.
To further determine which temporal aspect of

the stressor was the source of differences among
treatments, we fit linear models for shoot height,
root length, and biomass against stressor dura-
tion, timing, and their interaction. We similarly
fit linear models on key resource allocation met-
rics (Ostonen et al. 2007): R:S (defined as root
biomass: shoot biomass) and specific shoot
length and specific root length (both defined as
length per mass). The ratios show if stressed
individuals change strategies to allocate addi-
tional biomass to different physiological systems.
The branching index was assessed using a gen-
eral logistic mixed effects model with treatment
as a fixed effect and container a random effect
using the R package lme4 (Bates et al. 2015). The
branching index provides a more detailed view
of how water restrictions may affect the root sys-
tem structure. To assess if the magnitude of the
initial effect of the stressor in any way deter-
mined the ultimate height, shoot height immedi-
ately following the water restriction was
included as a covariate along with treatment in a
linear model. Since the water restriction ended
on different days, each treatment was compared
only to the control for this analysis. All statistical
analyses were done in R (R Development Core
Team 2020).

Growth model parameter estimation
Growth models were fit to the individually

tracked shoot length data to assess the daily
growth of the plants in response to the different
stressors. We considered five widely used
growth models (Linear, Loglinear, Logistic,
Gompertz, and Von Bertalanffy; Paine et al. 2012)
and used Akaike information criterion (AIC)
scores to compare them (Akaike 1974). The Gom-
pertz (Gompertz 1825; Eq. 1) and von Bertalanffy
models fit our growth data far better than the
other models (Appendix S1: Table S1). Because
the parameters in the Gompertz model are easier
to interpret biologically in our experimental con-
text, we present analyses based on this model.
Analyses performed based on the von Bertalanffy
model yielded similar results (Appendix S1:
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Fig. S1). We compared parameter estimates for
the Gompertz model across treatments to parse
the underlying growth processes,

HeightðtÞ¼A expð�expð�kðt�TiÞÞÞ, (1)

where A is the asymptotic height, k is the growth
rate, and Ti is the inflection point. The asymptotic
height represents the shoot height where growth
ceased (the ultimate response of the plant). The
growth rate represents how quickly the plants
approached their asymptotic height. The inflec-
tion point represents the time point when the
plants had the maximum growth rate.

We fit the growth model to data from each
container, which provided ten sets of parameter
estimates for each treatment. We compared
parameter estimates across treatment by per-
forming ANOVA (n = 10 for each container) on
each of the three parameters. When treatments
were significantly different at P = 0.05, we per-
formed Tukey’s HSD. The model was separately
fit to each individual plant and averaged to
obtain a container estimate, which qualitatively

yielded a similar result (Appendix S1: Fig. S2).
The impacts of timing, duration, and the interac-
tion of timing and duration on these parameters
were assessed using a linear model.

RESULTS

Both early water restriction treatments gener-
ated immediate effects on plant height: Plants
were 45% shorter after a short early stressor
(P = 2.96 × 10−9, df = 10.99, t = −15.98) and
78% shorter after a long early stressor
(P = 9.87 × 10−13, df = 13.19, t = −24.69) com-
pared to the control (Fig. 1). The later water
restrictions had no significant immediate effects
on shoot height, with short late restrictions
(P = 9.96 × 10−1, df = 17.61, t = 3.99) and long
late restrictions (P = 1.07 × 10−1, df = 17.40,
t = −1.29) not differing significantly from the
control (Fig. 1).
However, there was only one water restriction

treatment that impacted the ultimate growth
response: long early (Fig. 2). Individuals grown

Fig. 1. The average height for each treatment over time. Brackets show the percent decrease in each treatment
at the end of its water restriction compared to the control, with asterisks indicating significance at P = 0.05.
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under a long early stressor had decreased final
shoot height (ANOVA P = 9.67 × 10−10, df = 45,
F = 20.73; TukeyHSD P < 1.0 × 10−15), final root
length (ANOVA P = 3.66 × 10−11, df = 45,
F = 25.84; TukeyHSD P < 1.0 × 10−15), dry shoot
biomass (ANOVA P = 1.55 × 10−5, df = 45,
F = 9.24; TukeyHSD P = 0.002), and dry root
biomass (ANOVA P = 1.38 × 10−7, df = 45,
F = 14.24; TukeyHSD P = P = 1.60 × 10−6).
Other treatments did not significantly differ from
the control. However, treatment alone cannot
account for the final height. The height immedi-
ately following the water restriction, as well as
the treatment, both predicted the ultimate height
for long early plants (immediate height:
P < 1.0 × 10−15, treatment: P = 4.96 × 10−5, df =
197, F = 258.6) and short early plants (immedi-
ate height: P < 1.0 × 10−15, treatment:
P = 8.28 × 10−7, df = 197, F = 77.04). For short
late and long late, the immediate heights signifi-
cantly predicted ultimate height, but treatment
did not.

The differences between treatments could be
attributed to the timing of the stressor, the dura-
tion of the stressor, and, crucially, the interaction

between the two. For final shoot height, root
length, and dry root biomass, the differences
between treatments are a result of the timing,

Fig. 2. (A) Final shoot length, (B) root length, (C) shoot biomass, and (D) root biomass plotted by treatment
(n = 10). The value for each container is shown by jittered points, the average within the treatment as a horizon-
tal bar, and the standard error as the vertical bar.

Table 1. The coefficients of the linear model for timing,
duration, and their interaction among the different
treatments for observed and modeled variables.

Measurements

Treatments

Timing Duration Interaction

Shoot height 0.154*** −0.170*** 0.257***
Root length 2.490*** −1.900*** 3.149***
Shoot biomass 0.00117*** −0.00075* 0.00169***
Root biomass 0.00186*** −0.00143** 0.00216***
Parameters
(Gompertz)
A, asymptotic

height
0.119** −0.131** 0.216***

k, growth rate 0.100* −0.0575 0.105•

Ti, time of
fastest growth

−0.500*** 0.240*** −0.366***

Note: A positive value indicates an increase between the
two treatments (i.e., early to late and short to long).

*** P < 0.001.
** P < 0.01.
* P < 0.05.
• P < 0.1.
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duration, and interaction of the timing and dura-
tion of the stressor (Table 1). For dry shoot bio-
mass, timing and the interaction between timing
and duration are significant, but duration itself is
not significant at P = 0.05. For all significant
coefficients, the response to later timing and the
interaction is positive, while the response to
longer duration is negative; moving from an
early to late water restriction increases growth,
whereas moving from a short to long restriction
decreases growth.

The R:S biomass ratio was significantly smaller
for plants that experienced a long early restric-
tion (ANOVA P = 6.42 × 10−6, df = 45, F = 10.1;
TukeyHSD P = 1.28 × 10−5; Fig. 3A). The speci-
fic shoot length differed significantly between
treatments (ANOVA P = 0.0318, df = 45,
F = 2.91; Fig. 3B), with long early plants having
a shorter specific shoot length than control plants
(TukeyHSD P = 0.021). The specific root length
was significantly shorter for long early plants
compared to plants in the other treatments
(ANOVA P = 2.19 × 10−3, df = 45, F = 4.94;
TukeyHSD P = 0.0907; Fig. 3C). Long early
plants were significantly more likely to have
branching roots than plants in all other treat-
ments as determined by the branching index
general mixed effects model (P = 6.97 × 10−7,
df = 493, z = 4.96; Fig. 4).

In order to better capture the differential
growth responses to the treatment, we fit the
Gompertz growth model to our shoot height
data and compared the parameter estimates
across treatments. Asymptotic height (A), inflec-
tion point (Ti), and growth rate (k) all differed
among the treatments (Fig. 5). Individuals that
experienced the long early stressor had a
decreased asymptotic height (A), when com-
pared to the other treatments including the con-
trol (ANOVA P = 1.52 × 10−06, df = 45,
F = 11.57; TukeyHSD P = 3.10 × 10−06; Fig. 5A).
Long early stressors decreased the growth rate
(k), when compared to the control (ANOVA
P = 0.011, df = 45, F = 3.68; TukeyHSD
P = 0.0094; Fig. 5B). The inflection point (Ti), was
increased more in both long early and short early
treatments than in the control and late treatments
(ANOVA P = 4.59 × 10−15, df = 45, F = 44.37;
Fig. 5C) with plants that experienced long early
water restriction being delayed by almost a day

more than those in the short early treatment
(TukeyHSD P = 1.00 × 10−06).
To understand which temporal aspect was

responsible for response differences, the interac-
tion effects were calculated for the model param-
eter estimates. The differences between
treatments for the asymptotic height were signifi-
cant for timing, duration, and their interaction
(Table 1). For the inflection point, timing, dura-
tion, and the interaction were also all significant
contributors to the differences observed between
treatments. For the growth rate, k, timing alone
explains the differences, as duration and the
interaction are not significant at P = 0.05.

Fig. 3. (A) Root: shoot biomass, (B) specific shoot
length, and (C) specific root length ratios (n = 10 con-
tainers). The value for each container is shown by jit-
tered points, the average within the treatment as a
horizontal bar, and the error as the vertical bar.
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DISCUSSION

Stress occurring early in life generated signifi-
cant decreases in plant height immediately fol-
lowing the release of the water restriction.
However, plants under a short early water
restriction responded by recovering to heights
reached by control plants, while those that expe-
rienced restriction for an extended duration (long
early) reached lower asymptotic heights. Plant
heights immediately following the stressor (the
effect) were significantly shorter for short late
but not for long late as compared to the control,
but even the significant effect was very small. In
both cases, the responses (plants heights, etc., at
the end of the experiment) for late stressors did
not differ significantly from the control. The ulti-
mate response of individuals was in part deter-
mined by the initial effect of the stressor. Even
though the immediate effects of the stressor dif-
fer between treatments, the long early stressor
was the only treatment to exhibit an altered long-
term response (shorter shoot height, shorter root
length, less shoot biomass, and less root bio-
mass).

The timing of this stressor mattered; the same
stress occurring earlier in the life of an individual
decreased growth and/or ultimate height more
than the same stress occurring later in life. Dura-
tion of the stressor also mattered, as a longer
water restriction was more harmful than a more
acute one. Importantly, the interaction between
these two temporal variables was also significant.
We recommend that multiple possible aspects of
a stressor, and their interactions, be simultane-
ously examined to avoid errors in inference
(Zhang and Shea 2012, McCormick et al. 2015).
Similarly, if multiple stressors are present in a
system, their interactions must also be consid-
ered (Davis et al. 1999).
The long early restriction changed the growth

pattern and stress response of cress. This was
determined using two methods: dynamical
growth modeling as assessed by the Gompertz
growth model and resource allocation as
assessed by the growth partitioning ratios. We
interpreted the parameters of the Gompertz
growth model to understand how certain stages
of the recovery differed among treatments. The
Gompertz growth model tracked daily growth

Fig. 4. The average proportion of individuals that possess branching roots per container (n = 10) � standard
error of the mean with jittered points for each container. The value for each container is shown by jittered points,
the average within the treatment as a horizontal bar, and the error as the vertical bar.
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well, as confirmed by the close agreement
between the asymptotic height parameter and
the empirically measured final shoot height. The
inflection point (Ti, the time when a seedling is
growing the fastest) occurred 2–3 days into
growth for most treatments. However, the early
stressors delayed inflection points compared to
the other treatments, with plants grown under
long early water restriction delaying a full day

and those experiencing short early restrictions
delaying less than a day (Fig. 5). Furthermore,
the growth rate (k) was decreased by the long
early water restriction compared to the other
treatments. An early restriction initially stunts
growth (by 45% in short early and by 78% in
long early); however, it does not necessarily
decrease growth in the long term when com-
pared to the baseline control. Plants experiencing
a short early stressor recovered to the same
asymptotic heights (A) as all other treatments,
while long early individuals grew to a shorter
final height. Their response to the stressor was
slower and of a lesser magnitude than those
exposed to a short early stressor. Taken together,
the initial effects and parameter values reveal
when a stressor is detrimental and for how long
its effects linger.
Resource allocation patterns attributed to

stress were elucidated through the root:shoot (R:
S) ratio, specific root length, specific shoot length,
and branching index. In addition to delayed
growth response and decrease in overall height,
individuals grown under long early treatments
had a decreased R:S biomass ratio. The specific
shoot length was decreased for long early plants
compared to control plants. Plants in the long
early treatment therefore allocate more biomass
into shoots than roots but are less able to convert
this biomass into new shoot growth. Further-
more, within the root system, the growth strat-
egy was altered. First, the specific root length for
individuals in the long early treatment decreased
compared to the plants in the other treatments,
consistent with other studies (de Vries et al.
2016). Second, in the long early water restriction
treatment, the roots exhibited a branching pat-
tern with many lateral roots that were shorter in
length as compared to those of plants in the other
treatments, where individuals had one long root
with few branches. Taken together, it seems that
plants under stress in their early-life stages invest
more resources into new, fine lateral roots rather
than lengthening their longest root.
Our results join a growing body of work that

suggests paying greater attention to interactions
of stressor aspects (such as timing and duration)
will be fruitful (Miller et al. 2012, Zhang and
Shea 2012, McCormick et al. 2015, Eyck et al.
2019). We suggest that joint consideration of the
timing and duration of stressors helps to

Fig. 5. Gompertz parameter estimates. The jittered,
light gray vertical lines are the Gompertz model
parameter estimates for each container along with its
standard error. Vertical black lines represent the aver-
age for a treatment � standard error among n = 10
containers, and the horizontal line represents the aver-
age across containers within a treatment.
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determine which stressors require mitigation and
which stressors individuals may be able to over-
come without intervention. Organisms may be
able to withstand long-duration stressors, so long
as they do not coincide with early life history
events. Thus, initial differences in the effects of a
stressor may or may not translate into longer-
term differences in responses (Metcalfe and Mon-
aghan 2001). Short early stressors appeared to
temporarily harm the plants as seen by the
delayed inflection point and stunted growth, yet
they were able to recover to the same asymptotic
height as the other treatments. Other systems
also show that delays in growth or initial stress
effects early in life do not always result in
decreases in growth later in life (Grindstaff and
Merrill 2017, Michel et al. 2018). Since plants
experiencing short early stressors can recover,
this raises the possibility that those experiencing
long early water restrictions could also recover if
proper interventions are applied. Our system
would be ideal to test potential suitable mitiga-
tion strategies due to its high tractability and
demonstration that some individuals that dis-
play initial effects will, in fact, recover on their
own. By measuring individuals daily, we demon-
strate that the ultimate response is affected by
both the stressor and its immediate effect.

Stress affects organisms of all types (Del Giu-
dice et al. 2018). We demonstrate that analyzing
stress as a sequential process, by parsing stress
into immediate effects and ultimate responses,
will allow us to identify stressors that are most
likely to impact organisms in the short and long
term. This will also make it easier to investigate
the effects of other interacting factors, such as
interactions of water stress with nutrients and
other resources (Gessler et al. 2017). Similar
approaches that analyze perturbations using a
cause, effect, and response framework to assess
the influence of multiple disturbance aspects are
also being found useful at the community and
ecosystem levels (Shea et al. 2004, Mitchell et al.
2016), suggesting that this conceptual framework
can be used to understand general responses to
perturbations across different biological levels of
organization.

In order to fully understand a stress response,
studies must also examine multiple stressor
aspects (including timing, duration, intensity, fre-
quency, and extent; Miller et al. 2012, McCormick

et al. 2015) as interactions between these aspects
can significantly affect outcomes and interpreta-
tion (Zhang and Shea 2012, McCormick et al.
2015, Eyck et al. 2019). An improved understand-
ing of such interactions and their time-
dependence will deepen our mechanistic under-
standing of stress-related processes in the
plethora of organisms affected by stress.
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