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Annual changes of Neohelice granulata
cognitive abilities indicate opposition
between short- and long-term memory retention

Rosso Anahi1 and Freudenthal Ramiro1,2,*
SUMMARY

Neohelice is a long-standing model for memory studies for its strong retention of a reduced escape
response when trained to iterative presentations of a visual danger stimulus (VDS). Here we present
year-round changes that are related to the memory acquisition, storage, and expression. First, we evalu-
ated exploratory activity and response to the VDS, as necessary for memory acquisition and expression.
Both parameters change year-round. Second, short-termmemory (STM) and two types of long-termmem-
ory (LTM) were assessed throughout the year. STM and long-term context-dependent signal memory
(CSM) change between periods of the year, whereas signal memory (SM) does not, indicating that the
cognitive abilities of the crab display circannual rhythms. Third, during the reproductive period, STM
retention is higher than both CSM and SM, indicating a trade-off between STM and LTM. This is the first
report of memory retention abilities changing seasonally as a trade-off between short- and long-term
memories.

INTRODUCTION

The cognitive abilities of the crab Neohelice granulata are object of intense interdisciplinary studies that focus on appetitive and avoidance

learning, memory consolidation and reconsolidation, neural information computing, molecular bases of memory, and the biological rele-

vance of behavioral strategies.1–4 Neohelice crabs are predated by seagulls in the coastline of the San Clemente del Tuyú estuary.5 In line

with this fact, the visual stimulation produced by an object moving above triggers an escape response in the crabs. Under iterative presen-

tations of a visual danger stimulus (VDS), a persistent reduction of this defensive response is observed, shifting from a conspicuous escape

response to a general reduction in movement. Previous results have shown that for this change in the escape response crabs use information

acquired during the repeated exposure to the VDS that is stored as memory. The long-term reduction of the escape response is a context-

specific habituation;6 evidence of this associative feature in habituation models has been reported in mammals including humans, birds, and

invertebrates.7 An extensive study was performed to ascertain the possible biological meaning of the robust memory capacities of the crab.6

In the laboratory, changes in the escape response and the retention of this change in behavior over time are evidenced as differences be-

tween a control and trained crabs (control [CT] and trained [TR] groups respectively). The reduction of the escape response during the training

session is an expression of short-termmemory (STM).8 A TR groupmedian escape response significantly lower than the median activity of CT

groupwhen comparing the sum of the last 10 trials of the training session (Tr21-30) indicates a strategy shift that requires the use of short-term

memory.9 The long-term memory (LTM) expression of this strategy shift lasts for at least 5 days,10 and it can be divided into two main com-

ponents: the context-dependent signal memory (CSM) and the signal memory (SM). The CSM is themain responsible for a significantly higher

response being observed in the CT animals (exposed to the context during training but without VDS) than in the TR animals (exposed to

context-VDS presentations during training) during the VDS presentation of the first evaluation trial (Ts1). For the second type of retention,

the SM is mostly responsible for the TR group having significantly lower escape response than the CT group when comparing medians of

the summed responses of testing trial 2 to 6 (Ts2-6).6,9 When studying CSM requirements, an observation is that animals during the spring

months October and November show low long-termmemory retention, a period that coincides with the start of the mating and reproductive

period of Neohelice granulata, reported from October to February.11 This suggested, as reported for other animal species, a circannual

rhythm affecting the cognitive capabilities of Neohelice granulata.12–14 Also, it has been hypothesized that cognitive abilities are important

inmating. Recently a link has been reportedbetween spatialmemory retention, a critical element formating success, and the ability to acquire

and defend a territory, indicating a key role for cognition in mating.15 Using Neohelice granulata, Santos et al., 2021,16 highlight the social

context as a modulator of cognitive abilities; the fight outcome between two male crabs modulates associative memories, and long-term

memory retention of subordinates is higher than that of their respective dominant. This suggests a possible link between long-term memory
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Figure 1. Crab escape responses during training and testing sessions. Individualization of the parameters quantified

(A) Training and Testing sessions of a single pair of CT and TR animal groups. Box and whiskers, IQR, min-max, showing all animals as points. CT (n = 19) TR

(n = 20).

(B) Escape response during pre-training (Pt) to the first VDS exposure (FRV).

(C) Sum of trials 21 to 30 of the escape responses registered during training (Tr21-30).

(D) Escape response of the first trial of the testing session.

(E) Sum of trials 2 to 6 of the escape responses of the Testing session. As the data were not normal, Mann-Whitney test was used to evaluate the significance of

differences. p < 0.05 *.
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retention level and the capacity to tackle agonistic encounters between Neohelice granulatamales, which is one of the strategies that affect

mating success during the reproductive season.17 Here we report the variations of two sensorimotor and threememory retention parameters

along the year: the exploratory activity (Ea) and the first escape response to the VDS (FRV), as sensorimotor parameters of the crabs, and short-

term memory expressed during training and the long-term CSM and SM as mnesic parameters. This was achieved using as a unit the CT and

TR groups of crabs that were trained and evaluated in the experimental device at the same time, for each of the periods studied, for several

years. The results show circannual variations for all the parameters except the long-term SM. The results suggest a trade-off between short-

and long-termmemory that coincides with the onset of the reproductive season. These findings indicate that the observed changes between

short and long-term memory can be influenced by circannual rhythms and may be triggered by the cognitive requirements of a demanding

mating environment.

RESULTS

Neohelice granulata escape strategy shift evidence acquired information use

The motor activity of individual animals from CT and TR groups during the experimental protocol could be organized to evidence sensori-

motor parameters that represent the crab’s general state and mnesic parameters that through evaluation of memory retention indicate how

the animals use the new information in short- and long-term memories (Figure 1).

The Figure 1A displays the animal’s responses during the exposure to the behavioral apparatus during training and testing sessions. After

the first exposure of all animals to VDS, a waning escape response in the TR group is evident when compared during the same trial with the CT

group. Comparison with the CT group (without VDS during training trials) throughout the iterative exposure to VDS shows a clear learning

curve in the TR group. During the 6-trial evaluation session (VDS exposure for both groups) animals of the TR group show significantly lower

escape responses than CT animals. As the data were not normal, Mann-Whitney tests were used to evaluate significant differences.

The escape responses of CT and TR groups during the first exposure to the VDS are no significantly different, U = 168, p = 0.55 (Figure 1B),

indicating that response differences between groups were not present before training. The results indicated that Tr21-30 sum of TR animals is

significantly lower than Tr21-30 sum of CT animals, U = 119, p = 0.0427 (Figure 1C), indicating a change in the escape strategy of TR animals

and short-term memory retention. During the first trial of the testing session, TR group escape response is significantly lower than CT group

escape responses, U = 111, p = 0.0257 (Figure 1D), showing long-termCSM retention. Testing trials 2 to 6 show that Ts2-6 sumof TR animals is

significantly lower than TR2-6 sum of CT animals, U = 115, p = 0.0353 (Figure 1E), signifying long-term SM retention. These results show short-

and long-term memory retentions of a usual pool of animals that were trained at the same time.
2 iScience 26, 108161, November 17, 2023



A B

Figure 2. Annual changes in sensorimotor parameters

(A) Exploratory activity. Motor activity of CT group animals registered 30 times for 50min. Each point is themedian of all animals registered in the period.Median,

IQR. For all variables with the same letter, the difference between the medians is not statistically significant. p < 0.05.

(B) First escape response. Responsemeasures for all animals during pre-training presentation of VDS.Mean and SEM. p < 0.01 **, p < 0.001 ***, and p < 0.0001 ****.
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To understand the annual changes observed in memory retention traits, we analyzed first the sensorimotor responses of the crab that

represent previous traits of the animals that affect the measurement or expression of memory retention and could be affected by seasonal

variations of the environment. In this line of thought we explore possible correlations to environmental parameters as well as species-specific

variations year-round, to then evaluate the annual changes in retention.

Sensorimotor responses

Ea

The Ea of the animals was assessed for every run of TR session using the responses of the animals of the CT group during the 50 min duration

and 30 recordings that co-occurred at the same time as the VDS was presented to the animals of the TR group (CT group of Figure 1A during

training session and plotted for every period in Figure 2A). The Ea is as follows: FEB-MARmedian 16 interquartile range (IQR) 27.75–10.75, n =

247; April-May median 0.000 IQR 3.000–0.000, n = 167; Jun-Jul median 1.5 IQR 5–0, n = 175; Aug-Sept median 35.25 IQR 48–28.13, n = 146;

Oct-Nov median 61.50 IQR 68.00–56.13, n = 184; Dec-Jan median 14.5 IQR 20.63–11.38, n = 246 (Figure 2A).The Ea differences of the 30 re-

cordings for every twomonths during the year were evaluated for significancewith a non-parametric repeatedmeasures Friedman test, Fried-

man statistic 133.4, p value < 0,0001, number of groups 6. A Dunn’s multiple comparisons test indicates the following significant differences

amongmedians: FEB-MAR vs. APRIL-MAY, p < 0,0001; FEB-MAR vs. JUN-JUL, p = 0.0019; FEB-MAR vs. OCT-NOV, p < 0,0001; APRIL-MAY vs.

AUG-SEPT, p < 0.0001; APRIL-MAY vs. OCT-NOV, p < 0.0001; APRIL-MAY vs. DEC-JAN, p < 0.0001; JUN-JUL vs. AUG-SEPT, p < 0.0001; JUN-

JUL vs. OCT-NOV, p < 0.0001; JUN-JUL vs. DEC-JAN, p = 0.0025; OCT-NOV vs. DEC-JAN, p < 0.0001.

Theobservedvariation inEacouldbegrossly resumed inaperiodof lowEaduringthe4-monthperiodbetweenApril andJuly, ahigherEa in the

following4months betweenOctober andNovember, andaperiodof intermediateEa in the4months betweenDecember andMarch (Figure 2A).

FRV

The other sensorimotor parameter that could affect the evaluation of memory retention responses around the year is the intensity of the

response to the VDS. To evaluate the annual variation of this parameter, we used the response to the first presentation to the VDS during

the pre-training presentation used to distribute the animals in the CT and TR groups (Figures 1A and 1B). The initial escape response shows

a clear annual variation (Figure 2B), mean, SEM, and number of runs for each period: FEB-MAR, 2,875, 175.0, 18; APRIL-MAY, 2,248, 187.2, 15;

JUN-JUL, 1,576, 95.07, 17; AUG-SEPT, 1,773, 158.3, 14; OCT-NOV, 1,999, 113.4, 14; DEC-JAN, 2,280, 85.37, 17.

A Brown-Forsythe ANOVA test, F* (DFn, DFd) 11.34 (5.000, 89.31), p value < 0.0001, shows a significant difference among means. Tam-

hane’s T2 multiple comparisons test indicates the following significant differences among means: FEB-MAR vs. JUN-JUL, t = 6.521, degrees

of freedom (DF) = 26.10, p < 0.0001; FEB-MAR vs. AUG-SEPT, t = 4.671, DF = 29.97, p = 0.0009; FEB-MAR vs. OCT-NOV, t = 4.202, DF = 27.85,

p = 0.0037; JUN-JUL vs. DEC-JAN, t = 5.506, DF = 31.64, p < 0.0001.

The FRV shows a maximum in FEB-MAR and a minimum in the JUN-JUL period.

Data indicatethatbothEaandFRVchangeannually andthat thesevariations shouldbeconsideredtoassess theannualmemory retentionshifts.

Memory retention parameters

As the sensorimotor responses vary annually, we use indexes (see STARMethods) that relativize the responses to the FRV to comparememory

retention aptitudes between periods of the year and direct comparisons between CT and TR animal responses to evaluate the presence of

retention.
iScience 26, 108161, November 17, 2023 3
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Figure 3. Annual changes in Short-term strategy shift

(A) Sum of Tr21-30, CT vs. TR animals by period. Escape strategy shift during training session. Box and whiskers. Median, IQR, Max-min.

(B) Annual variations in strategy shift during acquisition. Pt-Tr21-30 index difference (TR-CT). Mean and SEM. Asterisk indicates significant differences between CT

and TR for each period in A and between periods in B. p < 0.05 *; p < 0.01 **; p < 0.001 ***; p < 0.0001 ****.
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Short-term strategy shift evaluation Tr21-30 sum

The firstmnesic parameter to be addressed is the difference observedbetweenCT and TR animals in the sumof the last 10 trials of the training

session, in which the trained animals evidence a shift in the escape strategy displayed during the VDS presentation (Figures 1A and 1C).

As this shift occurs during the learning curve and after 30min of 20 VDS presentations, this difference indicates an expression of short-term

memory.

To evaluate the changes in Tr21-30 sum, in the pairs of CT-TR for each experimental date in the 6 annual periods evaluated (Figure 3), we

first used independentWilcoxonmatched-pairs signed rank tests (Wilcoxon) as shown in Figure 3A. For FEB-MAR,Wilcoxon indicated that CT

F-M was statistically significantly higher than TR F-M W = 30, N = 18, p = 0.0139. For APRIL-MAY, Wilcoxon indicated that CT A-M was not

statistically significantly different from TR A-MW= 36, N = 15, p = 0.1876. For JUN-JUL,Wilcoxon indicated that CT J-J was statistically signif-

icantly higher than TR J-J W = 3, N = 18, p < 0.0001. For AUG-SEPT, Wilcoxon indicated that CT A-S was statistically significantly higher than

TR A-SW= 4, N = 14, p = 0.0009. For OCT-NOV,Wilcoxon indicated that CTO-Nwas statistically significantly higher than TRO-NW= 0, N =

14, p = 0.0009. For DEC-JAN, Wilcoxon indicated that CT O-N was statistically significantly higher than TR O-N W = 2, N = 17, p < 0.0001.

AonewayANOVAwasused toevaluatedifferences in acquiring this strategy shift (TR-CTdifferences in theTR21-30 index) betweenperiodsof

the year, f= 5.922,p<0.0001 (Figure3B).Holm-Sidak’smultiple comparisons test indicates significantdifferences in thesecomparisons: FEB-MAR

vs. OCT-NOV p = 0.0009; APRIL-MAY vs. AUG-SEPT p = 0.0202; APRIL-MAY vs. OCT-NOV p = 0.0003, andOCT-NOV vs. DEC-JAN p = 0.0385.

It is important to keep in mind that the change in the escape response between the first presentation of the VDS (median Pt, TR group

1,815, Figure 1B) and the summed response of trials 21–30 (median Tr21-30 sum 7.5 TR group, Figure 1C) is always evident. What is observed

with this variable is that the summedescape response of the last 10 training trials for the TR group is significantly less than the sum (of the same

10 trials) of the Ea of the CT group (median of Tr21-30 sum 397, CT group, Figures 1, 3A, and 3B). This difference betweenCT and TR animals is

observed in all periods except APRIL-MAY (Figure 3A), and the level of the shift in strategy observed between CT and TR animals is signif-

icantly different between the periods of the year studied, showing the highest levels in the OCT-NOV period (Figure 3B).

Long-term strategy shift CSM Ts1

The first trial of the testing session shows the long-termmemory retention of the CSM (Figures 1A and 1D). To evaluate the changes in Ts1, in

the pairs of CT-TR for each experimental date in the 6 annual periods evaluated, we first used paired t tests when the data were normal and

independent Wilcoxon matched-pairs signed rank tests when not normal, as shown in Figure 4A.

For FEB-MAR, paired t test indicated that CT F-M was statistically significantly higher than TR F-M t = 4.195, degrees of freedom (df) = 17,

p = 0.0006. For APRIL-MAY, Wilcoxon indicated that CT A-M was statistically significantly higher than TR A-MW = 10, N = 15, p = 0.0026. For

JUN-JUL, paired t test indicated that CT J-J was statistically significantly higher than TR J-J t = 5.124, df = 16, p = 0.0001. For AUG-SEPT,

paired t test indicated that CT A-S was statistically significantly higher than TR A-S t = 7,316, df = 13, p < 0.0001. For OCT-NOV, Wilcoxon

indicated that CTO-Nwas statistically not significantly different than TRO-NW= 23, N = 14, p = 0.0676. For DEC-JAN, paired t test indicated

that CT O-N was statistically significantly higher than TR O-N t = 4,883, df = 16, p = 0.0002.

The escape response TS1 index median, IQR, and number of runs for each period (Figure 3B) are as follows: FEB-MAR, 0.2253, 0.3695–

0.03468, 18; APRIL-MAY, 0.3256, 0.4559–0.1150, 15; JUN-JUL, 0.3866, 0.6581–0.1947, 17; AUG-SEPT, 0.4225, 0.8105–0.3254, 14; OCT-NOV,

0.1245, 0.2839–(�0.07210), 14; DEC-JAN, 0.4789, 0.7499–0.2476, 17.

A Kruskal-Wallis test indicated significant differences in acquiring this strategy shift (TR-CTdifferences in the Ts1 index) between periods of

the year, K-W = 21.21, p = 0.0007 (Figure 4B). Dunn’s multiple comparisons test indicates significant differences in these comparisons: JUN-

JUL vs. OCT-NOV p = 0.0332; AUG-SEPT vs. OCT-NOV p = 0.0053; OCT-NOV vs. DEC-JAN p = 0.0141.
4 iScience 26, 108161, November 17, 2023
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Figure 4. Annual changes in Long-term context-dependent signal memory retention

(A) First trial of testing session, CT vs. TR animals by period. Escape strategy during the first trial of the testing session. Box and whiskers. Median, IQR, Max-min.

(B) Annual variations in context-dependent signal memory retention. Pt-Ts1 index difference (TR-CT). Median and IQR. Asterisk indicates significant differences

between CT and TR for each period in A and between periods in B. p < 0.05 *; p < 0.01 **; p < 0.001 ***; p < 0.0001 ****.
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Astrongcontext signal long-termmemory retentionmeasuredasa significantdifference in response to theVDSon theTs1betweenCTandTR

animals is clear inall periodsexcept in theOCT-NOV,where there areno significantdifferences (Figure4A). There is a variation in theprobabilityof

detecting thismemory retention along the year. TheOCT-NOVTs1 retention is significantly lower than JUN-JUL, AUG-SEPT, andDEC-JAN. The

OCT-NOV period overlaps with the onset of the reproductive season, suggesting that is a factor affecting this memory retention.

Long-term strategy shift SM Ts2-6 sum

The sum of the trials 2 to 6 of the testing session shows the long-term memory retention of the SM (Figures 1A and 1E).

To evaluate the changes in Ts2-6 sum, in the pairs of CT-TR for each experimental date in the 6 annual periods evaluated, we first used

paired t tests when the data were normal and independentWilcoxonmatched-pairs signed rank tests when not normal, as shown in Figure 5A.

The escape response for the Ts2-6 sum of CT and TR groups, mean, and SEM for normal periods and median and IQR for non-normal

periods (Figure 5A) are as follows: FEB-MAR, CT: 4,444, 436.9, TR: 2,049, 217; APRIL-MAY, CT: 2,540, 304.1, TR: 1,509, 256.2; JUN-JUL, CT:

2,014, 242.8, TR: 640.5, 97.16; AUG-SEPT, CT: 2,605, 3,811–1,425, TR: 782.5, 1,358–515; OCT-NOV, CT: 2,726, 3,337–2,072, TR: 1,696,

2,499–950.8; DEC-JAN, CT: 2,932, 293, TR: 1,623, 245.7.

For FEB-MAR, paired t test indicated that CT F-M was statistically significantly higher than TR F-M t = 5.528, df = 17, p < 0.0001. For APRIL-

MAY, paired t test indicated that CT A-Mwas statistically significantly higher than TR A-M t = 4.415, df = 14, p = 0.0006. For JUN-JUL, paired t

test indicated that CT J-J was statistically significantly higher than TR J-J t = 4.731, df = 16, p = 0.0002. For AUG-SEPT,Wilcoxon indicated that

CT A-S was statistically significantly higher than TR A-S W = 0, N = 14, p = 0.0001. For OCT-NOV, Wilcoxon indicated that CT O-N was sta-

tistically significantly higher than TR O-NW = 0, N = 14, p = 0.0001. For DEC-JAN, paired t test indicated that CT O-N was statistically signif-

icantly higher than TR O-N t = 3.725, df = 16, p = 0.0018.

The escape response TS2-6 indexmedian and IQR for each period (Figure 5B) are as follows: FEB-MAR, 0.3391, 0.5266–0.1091; APRIL-MAY,

0.2397, 0.4436–0.09458; JUN-JUL, 0.4349, 0.8454–0.1640; AUG-SEPT, 0.5557, 0.8387–0.2954; OCT-NOV, 0.1738, 0.3646–0.1293; DEC-JAN,
A B

Figure 5. Annual long-term signal memory retention

(A) Sum of trials 2–6 of testing session, CT vs. TR animals by period. Escape strategy during the trials 2–6 of the testing session. Box and whiskers. Median, IQR,

Max-min.

(B) Annual variations in signal memory retention. Pt-Ts2-6 index difference (TR-CT). Median and IQR. Asterisk indicates significant differences between CT and TR

for each period in A and between periods in B. p < 0.05 *; p < 0.01 **; p < 0.001 ***; p < 0.0001 ****.

iScience 26, 108161, November 17, 2023 5



Figure 6. Memory retention profile of each period during the year

Memory retentions of STM (Pt-Tr21-30 index difference TR-CT), CSM (Pt-Ts1 index difference TR-CT) and SM (Pt-Ts2-6 index difference TR-CT) for each period of

the year. Box and whiskers. Median, IQR, Max-min. Asterisk indicates significant differences between memory retention types within each period. p < 0.05 *;

p < 0.001 ***.
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0.3610, 0.6559–0.06635. A Kruskal-Wallis test indicates that there are no significant differences between themedians of the SM retention index

(Ts2-6 index) between the periods of the year evaluated, K-W = 8.338, p = 0.1386 (Figure 5B).

Within periods, retention of STM (Tr21-30), CSM (Ts1), and SM (Ts2-6) memories, expressed as a CT group response significantly higher

than the response of TR group, is observed in all periods, with two exceptions (Figures 3A, 4A, and 5A). During APRIL-MAY Tr21-30 and during

OCT-NOV Ts1, both show no retention (Figures 3A and 4A).

Between periods, significant differences are reported for Tr21-30 index and for Ts1 index, but not for Ts2-6 index (Figures 3B, 4B, and 5B).

These results indicate circannual variations in sensorimotor responses Ea and FRV as well as in the short-term memory retention evaluated in

Tr21-30 and the long-term CSM evaluated in the Ts1.

Learning indexes comparison for each period of the year

To compare memory retention between types of memory within each period of the year, we used learning indexes: Tr21–30, Ts1, and Ts2-6

(Figure 6).

Repeated measures ANOVAs indicated no significant differences between the indexes for the FEB-MAR period, F = 1.239, p = 0.3029;

APRIL-MAY period, F = 0.7795, p = 0.4634; JUN-JUL period, F = 0.9107, p = 0.4124; and DEC-JAN period, F = 0.6905, p = 0.5087. A Fridman

test indicated no significant differences between the indexes for the AUG-SEPT period, Chi Square = 0.4286, p = 0.8071. Finally, a Fridman

test indicated significant differences between the indexes for the OCT-NOV period, Chi Square = 13.86, p = 0.001. A pairwise comparison

using Dunn’s test indicated that Tr21-30 index scores were observed to be significantly higher than Ts1 scores, p = 0.001; Tr21-30 is signif-

icantly higher than Ts2-6, p = 0.0245; and Ts1 is not significantly different than Ts2-6, p > 0.9999.

The learning indexes Tr21–30, Ts1, and Ts2-6 show no significant differences within periods of the year, except for the OCT-NOV period.

During OCT-NOV, the Tr21-30 index that expresses short-term memory retention capability is significantly higher than the indexes that ac-

count for the long-termmemory types: CSM and SM. This suggests a disposition to use or store information different from the observed in the

other periods of the year, where the indexes within periods are not significantly different. This indicates a short-term memory retention fa-

voring tendency over the long-term memory retention.

DISCUSSION

Sensorimotor parameters exhibit annual fluctuations attributed to circannual rhythms

Both Ea and FRV undergo cyclical changes through the year.

To elucidate the factors contributing to these observed variations in sensorimotor parameters, we investigated their correlation with

annual changes in physiological and environmental parameters previously associated with similar changes observed in other species. The

cognitive demands of the reproductive season significantly impact memory retention abilities of deer mice, voles, and songbirds.18–20 The

gonadal index (ratio of gonad weight to total body weight) serves as an indicator of reproductive effort and is highest during OCT-NOV

for both female and male Neohelice granulata crabs.21
6 iScience 26, 108161, November 17, 2023
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We assessed the relationship between Ea and the gonadal index using simple linear regressions between male Ea and the gonadal in-

dexes of females and males (data adapted from: Lopez Greco and Rodriguez, 1999). Male crab Ea shows a correlation with female gonadal

index but not with the male gonadal index (Figure S1). This suggests that interactions with conspecific individuals may influence this param-

eter and that crab behavioral strategies are influenced by the reproductive cycle, akin to findings in voles by Rice et al., 2019.19

The FRV varies throughout the year, exhibiting a significant decline during the colder periods (southern hemisphere). A similar result con-

trasting first reactions to VDS between spring-summer (October-May) and autumn/winter (April-September) was previously noted by Sztarker

and Tomsic in 2008.22 These researchers also reported analogous changes in neuronal activity of VDS-responsive neurons.

Furthermore, a linear regression indicates a connection between response intensity to the VDS and the minimal water temperature of the

capture location (Figure S2), suggesting a strong influence of the physical environment on this parameter. The correlation of FRVwithminimal

water temperature further suggests that conditions at the capture site exert an enduring impact on behavior, outweighing the influence of

stable laboratory conditions prior to experimentation. This positive correlation between escape response and temperature aligns with the

reported effect of temperature in neural and sensory performance, as well as escape responses in Neohelice and other species.22,23

The alterations in sensorimotor parameters may directly impact memory retention evaluation or serve as indicators of memory retention

predisposition. Tomitigate the impact of escape response differences betweenperiods, we employed retention indexes that normalize to the

FRV, facilitating the evaluation of changes in memory retention capabilities over the course of the year. Both Ea and response intensity to a

standardized danger significantly fluctuate between different periods of the year, underscoring the influence of circannual rhythms on these

behaviors.

Memory retention parameters change during the year

A significant difference between CT and TR groups for the three parameters evaluated Tr21-30 sum (short-term memory), Ts1 (Long-term

CSM), and Ts2-6 sum (long-term SM) indicates memory retention of a strategy shift in the escape response.

Short-term memory (Tr21-30 sum) indicated by significant differences between CT and TR groups is observed in all periods of the year

except for APRIL-MAY period, as graphed in Figure 3A. Long-termCSM (Ts1) significant differences between CT and TR groups are observed

in all periods of the year indicating a long-termCSM retention, except for OCT-NOV (Figure 4A). Long-term SM (Ts2-6 sum) shows significant

differences between CT and TR groups in all periods of the year (Figure 5A), indicating a long-term SM retention. Memory retention of this

strategy change is detected in all periods of the year for long-term SM, and in all periods except one in short-termmemory and long-term SM.

This indicates that a relevant comparison is how memory retention capabilities for each type of memory vary along the year. To address this

subject, we evaluated changes between periods of the year for each of the memory retention indexes. Short-term memory retention index

comparisons between periods indicate differences between OCT-NOV and FEB-MAR, APRIL-MAY, and DEC-JAN, and also between APRIL-

MAY and AUG-SEPT. The short-term memory retention index is minimal in APRIL-MAY and maximal in OCT-NOV, indicating that the use of

information related to the short-term escape shift is not evident in APRIL-MAY but is maximal in OCT-NOV (Figure 3B). The long-term CSM

retention index shows significant differences betweenOCT-NOV and JUNE-JUL, AUG-SEPT, andDEC-JAN. In this caseOCT-NOVbeing the

period with the lowest index and DEC-JAN the period with the highest CSM index indicate, respectively, when the information relative to a

context-dependent escape response shift after a long-term retention period was not utilized, and when this memory was maximally ex-

pressed. On the other hand, the long-term SM presents no significant index differences between periods, indicating that the use of escape

strategy shift information during that part of testing is similar between periods (Figure 5B).

The differences in short-termmemory and long-termCSMbetween periods suggest that themnesic capabilities of the crab are influenced

by circannual rhythms. The circannual rhythms in behavior are interpreted as processes that allow an organism to efficiently utilize favorable

conditions and avoid conditions that are unfavorable,13 suggesting that these capability changes respond to period-specific cognitive

demands.

In both cases when short-termmemory and long-termCSM show no retention, the animals show retention of the other twomemory types.

During APRIL-MAY, when there is no STM retention, CSM and SM have significant retentions, and during OCT-NOV, when there is no CSM

retention, both STMandSMhave significant retentions. This suggests that the information needed for the strategy change in escape response

is acquired in all periods, and that the cognitive changes observed may respond to a modulation during retrieval. The retrieval process has

been reportedas an integrationpoint for internal state and retained information, aswell as amodulationof retention for crabs andhumans.24,25

Short-term and long-term information use indicate a trade-off between memory types

During two periods of the year no retention is observed for at least one type of memory; APRIL-MAY does not show STM retention and OCT-

NOV has no CSM retention. STM, CSM, and SMmemories retention capabilities are compared using the retention indexes within the periods

of the year. Five of the six periods evaluated show no significant differences between STM, CSM, and SM indexes, including APRIL-MAY that

showed no STM retention.

Unlike all other periods of the year, during OCT-NOV, STM is significantly higher than CSM and SM (Figure 6). During this period short-

termmemory retention reaches its maximum and long-termCSM and SMat its minimums. This difference in short- and long-term information

use suggests a trade-off between both types of memories.

According to Wagner’s theory of memory,26 short- and long-term habituation is caused by different processes that sometimes oppose

each other. The predicted competition between these processes is because the presentation of the stimuli, separated by short periods, favors

short-term habituation at the expense of long-term retention while the spaced presentation of stimuli favors long-term retention at the
iScience 26, 108161, November 17, 2023 7
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expense of short-term habituation. Since the interval between the VDS in this work is the same for all the periods, it is possible that what

changes is the predisposition of the animals to reduce their response by changing the STM-LTM relationship toward a higher STM at the

expense of a lower LTM.

A trade-off between memories is a feature already reported for other memories that also differ in their duration. Using a pharmacological

approach, Chen et al., 2021, demonstrate in humans that long-term and working memory are mutually antagonistic.27 In Drosophila, where

two separate forms ofmemory can be generated experimentally, anesthesia-resistantmemory and long-termmemory have been found to be

antagonistic at the functional level.28,29 Also, a trade-off between short- and long-term memory types has been hypothesized in Bombus

where short-termmemory performance in the laboratory predicts foraging efficiency in the wild only during the rich spring environment, indi-

cating that an enhanced short-term memory helps to efficiently solve rapidly iterating cognitive challenges.30

The OCT-NOV period when this memory trade-off is evident overlaps with the reproductive season of Neohelice granulata.21

Cognitive abilities such as learning and memory are important for survival and reproduction,31 and evidence from different species indi-

cates that memory retention capabilities change during mating and reproduction season when many species are faced with complex and

competitive sexual environments. In humans, males (but not females) displayed enhanced memory for details of a story when exposed to

mating cues, indicating that the heightened displays of declarative memory reflect an enhancement in retrieval rather than in encoding.25

During breeding male deer mice are better than females at acquisition of spatial learning.18

The coincidence in reproductive effort and a significant shift in memory retention from similar short- and long-termmemory capabilities to

an enhanced short-term memory and a diminished long-termmemory in the OCT-NOV period, may represent a cognitive adaptation to the

competitive sexual environment of the mating season. Both a rich foraging environment and a sexual competitive environment poses cogni-

tive challenges where efficiently solving the present multiple options in short succession, could benefit from an enhanced short-termmemory.

This is the first report of memory retention capability changes during the year inNeohelice granulata. Also, this is the first report of cogni-

tive capability changes that are expressed as a trade-off between short- and long-term memory, which suggest that a shift to an enhanced

short- at expenses of long-term use of information may represent an advantage to navigate a cognitive demanding social environment more

efficiently.
Limitations of the study

Although, a shift in memory retention is evident during the onset of the reproductive season from long-termmemory to short-term memory,

several aspects of how this shift is achieved and which signals trigger the observed change are still questions.

Speculating in this respect, Neohelice granulata receptive females liberate ecdysone, a putative pheromone, to attract males.32 Also,

ecdysone in Drosophila is critical for the formation of stable long-term memories.33 These two facts indicate that ecdysone is an interesting

candidate to study as a possible modulator of the trade-off between short- and long-term memories.

Furthermore, we have no direct indication of which behavioral aspect of the reproductive environment may benefit from this change in

information use. A neuroethological approach to this last subject may shed light to the cognitive aspects of brachyuran reproduction.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Neohelice granulata male crabs Captured in the rias of San Clemente del Tuyú. Taxonomy ID: 53323

Software and algorithms

GraphPad Prism 8.0.1 https://www.graphpad.com/ SciCrunch Registry (RRID: SCR_000306)

Other

Marine water Red Sea fish pharm #10031_v20a
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Ramiro Freuden-

thal (ramirofreudenthal@gmail.com).

Materials availability

All maleNeohelice granulata crabs used in this article were captured from 400m stretch of shoreline, in the coordinates included in the table,

as other environments and changes in latitude may affect the results presented.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

Data

All data reported in this paper will be shared by the lead contact upon request.

Code

This paper does not report original code.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adult male intertidal crabs (Neohelice granulata, formerlyChasmagnathus granulatus) were collected fromwater <1mdeep in narrow coastal

inlets (rias) of San Clemente del Tuyú, Buenos Aires Province, Argentina. Only animals measuring 2.7–3.0 cm across the carapace and weigh-

ing�17 gwere selected to perform experiments and transported to the laboratory. Crabs were housed in plastic tanks (353 483 27 cm) filled

to a depth of 2 cmwith dilutedmarinewater (Red Sea fish pharm) with a salinity of 1.0%–1.4% and a pH of 7.4–7.6. The water was changed, and

the tank sanitized every 2 days. The housing room was maintained on a 12-h light–dark cycle (lights on from 07:00–19:00 h) and temperature

between 22�C and 24�C. Experiments are performed after 48 h of arrival for the crabs to acclimatize and only in the first 7 days in the labo-

ratory. Only males are used to avoid disrupting the natural population or crabs since females carry the fecundated eggs in the first stages of

development and capturing them might affect the size of the population. Another factor considered is that a natural population has many

sources of variability and selecting male animals restricts variables such as size range. The reported research was conducted in accordance

with the local regulations for the care and use of laboratory animals (Experimental protocol certificate No. 71). All experiments were done in

accordance with local regulations to minimize animal suffering and the number of animals used.

METHOD DETAILS

Behavioral apparatus

When the crabs are presented with a rectangular screen passing overhead (visual danger stimulus, VDS), the animals respond with a moving

reaction to escape. This flight reaction decreases over various trials.34 The crabs are placed in the actometer described elsewhere6 where the

escape response of the animals is transduced to electrical signals integrated by a computer. The actometers are placed in an array of 40 in a

single room with controlled environment in a manner that each run of an experiment has a maximum of 40 animals.35 A typical experiment

consists of several runs ranging from 2 to 4 runs. For the present work analyzing behavioral and mnesic traits along the year the unit is the

median response of animal groups that were in the same run (except for the example in Figures 1 and 2A), so each point in a graph consists

of a range of animals between 8 and 16 crabs.
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Experimental procedure

In all the experiments, crabs were distributed into two groups, consisting of a trained group (TR) and a control group (CT). The experimental

procedure for TR animals could be summarized as follows. Animals were placed in the actometers, and after a 10-min period of adaptation the

animals were presented with a pre-training trial (PT), the result of this first presentation of the VDS allows, first to eliminate animals with a

response lower than 200 (arbitrary units) and second, to define two groups of animals with equivalent response to the VDS to be CT and

TR groups. Immediately after this group assignment we proceed to a training session consisting of 30 trials given with an intertrial interval

(ITI) of 100 s. Each trial lasted 5 s and consisted of passing the screen four times over the actometer and recording the response of the

crab throughout the trial time. A testing session consisting of 6 trials where both CT and TR animals are presented with VDS, was performed

at 24 or 48 h. During the interval between training and testing, the crabs were individually lodged in rest containers covered with water to a

depth of 0.5 cm and kept inside dimly lit drawers.

The procedure for a CTwas the same as that of TR, except that the animals of this group stayed in the actometers during the entire training

session without being presented to the VDS. Retention for long-term habituation is operationally defined as the significant difference be-

tween CT and TR in a testing session.
Parameters evaluated

The approach to evaluate the animal responses in the periods described here was already described in Hepp et al., 2016.9

Exploratory activity

The exploratory activity is estimated as the median of the 30 trials, for the two-month period of CT group crabs exploring the actometer

container during the training session, so there is one set of data for every run of the training sessions.

First presentation of the visual danger stimulus

The response to the visual danger stimulus is evaluated at the first exposure of all the animals during the pre-training trial (Pt).

Escape strategy shift during training

Changes in the escape strategy of the animals during the training session are represented by integrating the 10 last trials of the session (Tr21-

30). During these last 10 trials the animals from the training group typically show significantly lower activity than the control groups that keep

exploring the container. This difference between the control group and the trained group is interpreted as short-term memory being ex-

pressed during the training session and to be part of the learning curve.

Long-term memory retention

Long-termmemory is evaluated at the testing session 24 or 48 Hours after training, with 6 presentations of the VDS. Two different parameters

are evaluated, representing different components of the Long-termmemory retention. The first parameter, is the animalsmedian response to

the first presentation of the visual danger stimulus during the testing session (Ts1) and significant differences between CT and TR groups in-

terpreted as a context signal memory (CSM), and the second, the median of the integrated escape responses of trials 2 to 6 of testing session

(Ts2-6) in which the differences between CT and TR groups is interpreted as retention of signal memory (SM), as described in Maldonado

et al., 1997.6

To compare how the animals incorporate the above-described parameters between the 6 periods of the year studied, we will use the TR-

CT difference with an index that relativizes the parameter (Tr21–30, Ts1 and Ts2-6) to the level of the first response in that period.

DTR � CT Paremeter ðPÞ index =

�
PtTR � pTR

�
�
PtTR+pTR

� �
�
PtCT � pCT

�
�
PtCT+pCT

�

Neohelice gonadal indexes used to plot against Ea (Figure S1), are rearranged from Lopez Greco and Rodriguez, 1999 monthly data.21

Monthly water minimal temperatures plotted against FRV (Figure S2), are calculated based on the data over 10 years from https://

seatemperature.info/punta-rasa-water-temperature.html.36
QUANTIFICATION AND STATISTICAL ANALYSIS

Animals that responded to the pre-training trial with a response lower than 200 (arbitrary units) were eliminated from the experiments, as this

low response (10 times lower than the average) is too low to evaluate a change in the escape. Animals with less than 200 (arbitrary units) are

usually less than 10%.

Statistical tests used, exact value of n and what n represents for each experiment can be found in the Figure legends and results.

To group similar responses and to increase the n, the parameters were grouped in periods of two months.

Normality of data was evaluated with Shapiro-Wilk test.

To evaluate for significance of Ea between periods of the year we used a non-parametric repeatedmeasures Friedman test, as the periods

data were not normal.
12 iScience 26, 108161, November 17, 2023
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To evaluate the annual variation of the first presentation to the VDS during the pre-training presentation, we used a Brown-Forsythe

ANOVA test as data was normal, but there were significant differences in standard deviations of the periods of the year.

To evaluate the changes in the CT and TR group pairs for each experimental date in the 6 annual periods evaluated, we first used paired

t tests when data was normal, and independent Wilcoxon matched-pairs signed rank tests when not (Figures 3A, 4A and 5A).

To contrast learning indexes, Tr21–30, Ts1 and Ts2-6 between periods of the year we used repeatedmeasures ANOVA when the data was

parametric and Friedman test when not (Figures 3B, 4B and 5B). To contrast learning indexes, Tr21–30, Ts1 and Ts2-6 within each period of the

year we used repeated measures ANOVA when the data was parametric and Friedman test when not (Figure 6). Pearson correlation coeffi-

cients were performed to evaluate the relationship between variables in Figures S1 and S2, linear regression departure from zero is also

informed. GraphPad 8 statistical software was used.
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