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The tendency towards two-year cyclicity is considered typical of many Fennoscandian
vendace populations, especially in fluctuation of recruitment, based on time series
of individual lakes. We used two robust indicators to identify and quantify two-year
cycles in vendace population proxy time series at different life-stages — spawning
stock biomass (SB), density of newly hatched larvae (LD) and recruitment (REC)
— from 22 Finnish lakes. Then we applied Fisher’s meta-analytical test to assess the
adequacy of the evidence to support the hypothesis that vendace population dynam-
ics include two-year cyclicity. The results supported this hypothesis for REC but not
for SB or LD. Yet, the indicators and test are conservative and time-series of SB and
LD are shorter than those for REC. The appearance of cycles in REC is associated
with high post-recruitment mortality, consequently practically only one spawning per
cohort. Cycles may be typical for the recovery period from low abundance period
also. Still, some populations with moderate post-REC mortality and non-cyclic SB
abundance exhibited cycles in REC. Such dynamics presuppose the existence of more
complex regulation based on the interaction of different life stages.

especially in fluctuation of recruitment (REC,
referring most often to one-summer-old juve-
niles in autumn or winter) (Table 1). The models

The tendency towards two-year cyclicity, or as
illustratively expressed by local vendace fishers
“saw-blade fluctuation”, is considered typical
of many Fennoscandian vendace populations,

predict that this tendency can be driven by three
mechanisms: (1) High post-recruitment mortal-
ity causes the population to approach semelpar-
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ity (reproduction only once in a lifetime) and
generation length to approach two years, the
age of first maturation in vendace. Thus, next
year’s spawning stock biomass (SB) will be
more closely proportional to the previous year
REC (e.g., for roach (Rutilus rutilus) Townsend
1989, Townsend et al. 1990, for sockeye salmon
(Oncorhynchus nerka) Myers et al. 1997, 1998,
for vendace (Coregonus albula) Helminen 1994,
Marjomiki 2005, Marjomiki er al. 2014). This
process alone is capable of producing damped
oscillations in REC. (2) Low level of density-de-
pendent compensation in the SB-REC-model
renders REC more closely directly proportional
to the SB producing it (e.g., Marjoméki et al.
2014). (3) Delayed density-dependent suppres-
sive effect (see more detailed definitions and
mechanisms in Marjoméki et al. 2014) of a pre-
vious year strong year class on the next can lead
to a strong and persistent cycle (e.g., Helminen
et al. 2002, Marjoméki ef al. 2014). The last was
suggested to be the main reason for the two-year
cycles in vendace recruitment (Hamrin 1979,

Hamrin & Persson 1986), and the mechanism of
suppression is asymmetric competition between
the very abundant young-of-the year pre-recruits
and the previous year-class simultaneously at
their second growing season before maturing.
Older fish should suffer from this competition
with dramatic consequences for their egg quality,
leading to poor recruitment. However, this actual
mechanism was not supported in a study com-
paring reproductive success of vendace which
had been exposed to different levels of competi-
tion (Karjalainen ef al. 2016), and if the suppres-
sive effect is real, it is likely that many factors
will have to act in concert (see discussion in
Marjoméki ef al. 2014 and Sarvala & Helminen
2021). All in all, when a very abundant year-
class emerges, e.g. due to favorable environmen-
tal conditions at the pre-recruit life stage, all the
above processes should promote and prolong the
duration of two-year damped oscillations, and in
an extreme case lead to two-year limit cycle.
Thus, the models predict that SB may also
perform two-year cycles when post-recruitment

Table 1. Sources in which two-year cyclicity in vendace population proxies is suggested. SB = spawning stock,
REC = recruitment, year class strength, NFA = no formal analysis, suggestion based on appearance of data, A =
analysis, suggestion based on formal statistical analysis; for lake locations see Fig. 1.

Reference Lake SB REC
Airaksinen (1967) Varmavirta, Saimaa - NFA
Nissinen 1972 Puruvesi, Oulujarvi NFA NFA
Lind 1976 Puruvesi, Irnijarvi — NFA
Hamrin 1979, Hamrin & Persson 1986 Bolmen, Sweden NFA NFA
Auvinen 1987, 1988, 1994 Pyhéajarvi SE Finland - NFA
Valkeajarvi 1983 northern Konnevesi - NFA
Viljanen 1988 Suomunjéarvi, Onkamo - NFA
Helminen et al. 1993a, 1997 Pyhajarvi, SW Finland - A

Salmi & Huusko 1995 several, see Table 2 NFA NFA
Auvinen et al. 2000 Onkamo NFA NFA
Karjalainen et al. 2000 Several - NFA
Viljanen et al. 2004 Suomunjarvi - NFA
Marjomaki 2004, Marjoméki et al. 2014 Puulavesi - A

Huusko & Hyvéarinen 2005 Oulujarvi NFA A

Valkeajarvi & Marjomaki 2004 Southern Konnevesi - NFA
Marjomaki et al. 2021a Southern Konnevesi - NFA
Sarvala et al. 2020, Sarvala & Helminen 2021 Pyhajarvi SW Finland NFA NFA
H. Auvinen & J. Jurvelius unpubl. data Paasivesi - NFA

" More specifically, according to Lind’s classification, based on age structure of annual catch samples, the lakes
belong to the class “2-3 year long age-group cycle”, catch consisting every second year of one-summer-old and
every second year of two-summer-old individuals and sometimes a cohort may appear in catches for three years.
An abundant year-class appears thus every second or third year. Valkeajarvi (1983) and Viljanen (1986) considered
the data to imply periodicity of two years.
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mortality is high enough for the population to
approach semelparity, and consequently at least
amplifying the tendency for cycles in REC. Two-
year cycle in SB has been suggested to occur in
some lakes (Table 1) as well as by modelling
(Marjomiki 2005). Recently, quantitative moni-
toring of the density of newly hatched larvae (LD)
has also become possible with sufficient precision
(e.g. Urpanen et al. 2009). This life-stage is close
to mid-point between spawning and recruitment.
So far, no study has suggested occurrence of
two-year cycle in LD. Examining the tendency to
two-year cyclicity at this stage could reveal new
details about the timing of cycle formation.

Detecting true two-year cycles in popula-
tion dynamics is methodologically challenging.
First, time series are often short, typically only
a few decades. Second, the observed abundance
proxies are less than ideal, with only modest
precision at best, and are likely to contain uncon-
trolled trends in their components, causing tem-
poral bias. Often the population proxies are
based on catch per unit effort (CPUE) but catch-
ability (¢) may change gradually (e.g. Salmi &
Huusko 1995). In virtual population analysis,
natural mortality is often assumed to be constant
but in reality it can change significantly due to
changes in predator abundance, e.g. pikeperch
(Sander lucioperca, Vainikka & Hyvérinen
2012). In echo-sounding, variation in the smelt
(Osmerus eperlanus) stock may interfere with
estimates of vendace density, changes in fish
growth may affect age-specific catchability, etc.
Third, considerable uncertainty about correct
model and error variance distribution render
time-series data cleaning difficult, e.g. when
using SB-REC models to identify the effect of
SB on REC (Marjomiki 2004). For the reasons
outlined above, parametric time-series analysis
methods, e.g., the autocorrelation function, are
often not ideal or powerful, if not even suitable.
Finally, the studies analyzing cyclicity have typ-
ically focused on one lake at a time. Thus, spuri-
ous correlations are likely to occur in a data set
of many independent lake-specific studies and
publication bias (Sterling 1959) may have pro-
moted their conspicuousness.

Our aim was to test two simple and robust
indicators to identify two-year cycles in less
than ideal population proxy time-series at differ-

26°E

Kikgmo
irpistd
uojdrvi
rojarvi

Yli-Kitka
]

Kuusamojérvio
Kostonjarvi © 8 K

200 km Irnijarvi

Oulujarvi Lentua

Suomunjérvi
o

Hoytiginen Q  Onkamo
(0]

Konnevesi 8

Paasivesi o
Puulavesi

Puruvesi (53
P

ORuotsalainen

Paijanne,
Tehinselka

hajarvi SE

Pyhajarvi SW

Fig. 2. Lake locations.

ent life-stages of vendace. The indicators were
bases on the identification of whether the next
year’s proxy value is higher or lower than the
previous one, regardless of the magnitude of the
difference. Based on the indicators, we used a
meta-analytical approach to assess whether the
evidence supports the tendency of vendace pop-
ulations to perform two-year cycles; H, hypoth-
esis: vendace population dynamics include two-
year cyclicity. Finally, we tried to deduce from
the actual time-series certain conditions that pro-
mote such cycles.

Material and methods

We used proxies of spawning stock biomass
(SB), density of newly hatched larvae (LD),
typically about one week after ice-off (for details
see e.g. Urpanen 2009, Urpanen et al. 2009), and
recruitment (REC) from 22 lakes (Table 2 and
Appendix 1). Some of the previously published
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Fig. 2. A simulated time-series illustrating the two indicators of two-year cyclicity: LW = length of longest incessant
saw-blade sequence in the time-series, including the first and last years of the sequence (red box). Nva = number
of basic three-year higher—lower—higher (v) or lower—higher—lower (A ) blocks in the data.

values were updated based on new informa- proxy data for SB and REC were based on
tion and some time series were supplemented CPUE from seine or trawl split into SB and
with more recent observations. Most of the REC using random catch samples. Recently,

Table 2. Methods of estimating spawning stock biomass (SB, biomass units), larval density (LD, indivi. ha™') and
recruitment (REC, number) in different study lakes with references to a more detailed description of the methods.
CPUE = catch per unit effort from semicommercial seining or commercial trawling, VPA = virtual population analysis,
BS = beach seine, SB&T = stratified bongo and tube sampler (see Urpanen et al. 2009), C = catch, F = instantaneous
fishing mortality rate, M = instantaneous natural mortality rate, Echo = echo-sounding; for lake locations see Fig. 1.

Lake Method Source

SB LD REC
Yli-Kitka CPUE - CPUE Salmi & Huusko 1995
Kiitdmo CPUE - CPUE Salmi & Huusko 1995
Kirpist® CPUE - CPUE Salmi & Huusko 1995
Muojarvi CPUE - CPUE Salmi & Huusko 1995
Kuusamojarvi CPUE - CPUE Salmi & Huusko 1995
Kostonjarvi CPUE - CPUE Salmi & Huusko 1995
Kerojarvi CPUE - CPUE Salmi & Huusko 1995
Irnijarvi CPUE - CPUE Salmi & Huusko 1995
Oulujérvi VPA - VPA,M=0.3 Huusko & Hyvarinen 2005
Lentua - - VPA, M =0.5 Huusko & Sutela 1998
Suomunjarvi CPUE, VPA - CPUE, VPA Viljanen et al. 2004
Hoytidinen - SB&T - Haakana et al. 2007
North Konnevesi CPUE - CPUE Valkeajarvi & Marjomaki 2013
South Konnevesi CPUE BS, SB&T CPUE Urpanen et al. 2009

Marjomaki et al. 2021a
Valkeajarvi & Marjoméaki 2013

Onkamo CPUE SB&T CPUE Auvinen et al. 2000

Paasivesi CPUE, Echo - CPUE, Echo H. Auvinen & J. Jurvelius unpubl. data
Puruvesi, Hummonselkd - SB&T CPUE Karjalainen et al. 2000

Puruvesi, Harvanselka — SB&T CPUE Karjalainen et al. 2000

Pyhajarvi, SE Finland CPUE - CPUE Auvinen 1987, 1988, 1994

Puulavesi CPUE SB&T CPUE Marjoméki et al. 2014

Paijanne, Tehinselk& CPUE SB&T CPUE Valkeajarvi & Marjoméaki 2013
Ruotsalainen — SB&T - Urpanen et al. 2009

Pyhajarvi, SW Finland C, adjust. by F SB&T CPUE"Y, w? Helminen et al. 1993a, 1993b,

Sarvala et al. 2020

" Depletion in CPUE during a fishing season, 2 w = mean weight after first growing season.
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the density of larval vendace was quantified
based on depth-zone-stratified bongo-net and
tube sampling. In some lakes, the beginning of
the time-series consists of proxies based on the
CPUE of larval beach seine.

We used raw proxy data as such, i.e., without
transformations, or removal of trend or of the
effects of other variables (e.g. with the SB-REC
model). The main principle of the data analysis
was robustness: we focused only on finding out if
the next year’s proxy value is higher or lower than
the previous one, regardless of the magnitude of
the difference. The two-year cyclicity was defined
as consecutive proxy values oscillating in higher—
lower—higher (or vice versa) manner.

The following two-year cyclicity indicators
were developed (Fig. 2):

LW: cycle sequence in the time-series, includ-
ing the first and last year of that sequence
(red box in Fig. 2).

NVA: the number of basic three-year v (higher—

lower—higher) or A (lower—higher—lower)
shaped blocks (which can overlap)

(Fig. 2).

The observed LW and Nva values in the
time-series were evaluated against the probabil-
ity (p) of gaining as high or even higher indicator
value in equally long time series of independent,
normally distributed random proxy values, i.e.
the risk of accepting a sequence of random num-
bers as an indication of tendency of two-year
cyclicity. The p values for each LW and NvA ina
time series of a given length were approximated
from their probabilities in the data from at least
50 000 time-series of random numbers obeying
normal distribution (Appendices 2 and 3). How-
ever, in this assessment of p, the random num-
bers do not have to obey normal distribution, but
a distribution with limits, e.g. uniform [0, 1], or
with generally decreasing probabilities for high
and low extremes.

The following Fisher’s (1932) combined
probability test was used as a method of a simple
meta-analysis:

X=-25%_In(p) (1)

where £ is the number of independent (here lake-

or basin-specific) studies. X follows the y? distri-
bution with 2k degrees of freedom. X combines
the p values of lake-specific time series studies
into a more general assessment of evidence to
support the H, hypothesis. When using Fisher’s
test, it must be assumed that different studies are
independent regarding the phenomenon under
study.

Results

For the spawning stock biomass proxy (SB),
neither of the saw-blade indicators LW or Nva
revealed any exceptional two-year cyclicity in
any lake (Table 3), i.e. typically the probability
(p) of equal or higher LW and Nva value in
random number time-series was very high in
comparison with vendace SB proxy time-series.
Only in Lake Onkamo, p < 0.1 was found for
LW. Further, Fisher’s combined p value was very
high for both saw-blade indicators. Thus, the
combined data do not suggest a general tendency
for two-year cyclicity in the vendace SB.

In the density of newly hatched larvae in
spring (LD), the LW and NvA values were not
significantly (p > 0.05) higher than what can be
expected to appear in a random number time-se-
ries in any other lake than Puruvesi, Harvanselkd
basin, where the probability of as high or higher
LW in a random number time-series was only
0.03 (Table 3). However, the value of NvA was
not significant there either. Fisher’s combined
p was > 0.4 in both saw-blade indices, thus not
supporting the appearance of two-year cycles in
the vendace LD.

In the recruitment proxy (REC), a signif-
icant (p < 0.05) two-year cyclicity, measured
with either or both LW and Nva, occurred in
several lakes (Table 3 and Fig. 3). Fisher’s test
also implied a significant tendency for two-year
cyclicity.

Discussion

This analysis, based on robust non-paramet-
ric indicators and their general meta-analytical
assessment, suggests that two-year cyclicity in
the vendace recruitment time-series is a real



ANN.ZOOL. FENNICI Vol.58

Marjoméki et al.

220

"/ UBBW ‘G| 0} 9| WOJ} dnfeA ‘sased Buissiw om} , ‘g Algeqoid 1sow
anjeA ‘esed Buissiw auo 5 ‘eouanbas sonuuod 1sabuo| 8y} WOoJ) UsXE] dN[eA ‘Sased BUISSIW [BISASS , (aN[eA 8y} UO 108)48 OuU ‘ased BuISSIw 8uo , G| ueaw ‘gl O} 7| WO}
anjen ‘sased Buissiw om] , ‘g A|geqoid 1sow anjeA ‘sased BuIsSIw OM} , (g UBaW ‘G| 10 /| dn[eA ‘sased BuissIw ay) JO dUO 4 ‘Jagquinu ay} UO }08}d OU ‘Sased BuISSIw OM] .

Ge0'0 2000 6280 €2v0 ¥86'0 €060 d

474 474 0c (74 9€ 9€ P
1°09 v'eL ovi 9'0C €02 g'ee X 181 sJaysi4
G100 ¥200 61 8¢ 9l 8690 6490 /.2 AS el /EL0 €910 e 74 all puejui4 MS neleyid
- - - - - 0420 [45°X0} ch 8 9 - - - - - usureesiony
2LL'0 €000 92 61 8l /160 8¥6°0 (014 (o] S 000°+ 2860 9C 8 S Bylesulyal suuelied
1000 1000 or4 44 0¢ /20  99¢0 L2 Vi 8 0260 0860 14 el S Isang|nnd
L0  v.€0 14" 6 YA - - - - - ¥06'0 LSS0 el 9 9 pueul4 3S Ineleyhd
9€.'0 8810 L cl 9 ¥8€°0 L€0°0 Ll L cl - - - - - ey|esuenieq
G260 9980 8 € 4 Ge6'0 9690 Ll 8 9 - - - = - ey|esuowiwny 1seAnind
288’0 ¥0g0 43 WL WL €290 9690 yAS (0] 9 ¥06'0 0280 el 9 S ISaAISeed
€000 €000 92 2c 8l 9020 LPE0 el 6 L S/v'0  ¥90°0 14 9l cl owejuQ
€ec0 2v00 9€ 14 Vi €180 80L0 9€ L2 cl 6660 ¥66°0 se Sl S I1SeABUUOY YInos
1.0  0€90 Sl 8 9 - - - - - /8G90 880 L2 o€l 29 ISeA8UUOY YLON
- - - - - 2860  2lSo gk L 9 - - - - - usurenioy
906'0 98¥°0 8¢ oSG o8 - - - - - 9650 9050 62 8l 8 Inelunwong
9LL'0 2400 L 8 6 - - - - - - - - - - enjue’]
9250 0ve0 14 62 (o]} - - - - - 000+ 710 14 61 cl inelnino
120 0950 le Vi L - - - - - 26€0 04,0 0c (18 9 Ineliulg
7860  €9¥°0 Ll LE YA - - - - - 29%'0  0e¥0 9l (o] L inelolsy
8660 0660 Sl S 14 - - - - - /€90 9650 14" 8 9 Ineluoisoy
/890 0990 4 el YA - - - - - Y010 8LL0 61 14" (o]} Inelowesnnyy
9€.0 880 I Zl 9 - - - - - /G20 ¥1S0 61 el L inrefoniy
29’0 8¥S0 0c cl YA - - - - - 1S8°0 6£6°0 61 oL S Qisidiy
96’0 8660 61 6 v - - - - - 0,60 /660 8l 8 14 owrelny
9€.'0 9560 L 4! S - - - - - G/60 8660 (014 6 14 eXUM-IA

(van)d  (m)d 7 VAN M1 (van)d (m)d 7 VAN M1 (van)d (md 7 VAN M1

(D3y) wswiynioay (a1) eeate| payorey Aimau jo Ayisuaq (gs) ssewoiq »o0}s bujumeds aye

' "Bi4 88s suoneo0| axe| 10} ‘sexe| ysiuul4 ul suoneindod 8oBPUSA JO SOLISS S} Ul JUBWINIOSI
pue aeAte| payoiey Aimau Jo Alsuap ‘ssewolq %003s Buiumeds saixoid uoneindod ayj 40} SaLIS-aWI} Joquinu WOopUeJ Ul SanfeA Jojeoalpul Jaybiy 1o paaIasqo ayy jo (d) sen
-Igqeqoud pue (anjea Buissiw yum usamiaq ul sieak Buipnjoul ‘4 Jeak o} x Jeak woly “7) yibus| seles awi ‘VAN pue AN Sioiedlpul 81040 Jeak-om) 8y Jo sanjep "€ ajgel



ANN.ZOOL.FENNICI Vol.58 -

Saw-blade dynamics in vendace populations 221

In(SB) In(LD) In(REC)
S
()]
1 i A
IS .
3 a’\,\]rN"'
3

E‘Vf\”

Paijanne
Tehinselka

i

|

1

Pyhajarvi
SW Finland

Mol

Pl

Years

1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020 1970 1980 1990 2000 2010 2020
Years

Years

Fig. 3. The time-series of In(spawning stock biomass) [In(SB)], In(larval density) [In(LD)] and In(recruitment)
[IN(REC)] proxies in five lakes with significant level of two-year cyclicity in recruitment (Table 3). The red boxes indi-
cate the time-sequence of two-year cycle in REC; for lake locations see Fig. 1.

phenomenon (saw blades longer/more frequent
than expected from completely random popula-
tion variability). On the other hand, we found no
support for the general tendency for cyclicity in
spawning stock biomass or larval density.

Cyclic variation in year-class strength with
various cycle lengths has been observed in many
taxa (e.g. Myers 2018), including several fish
species. Generation cyclicity in semelparous
Oncorhynchus species with extremely high
post-recruitment mortality has been extensively
studied (see e.g. Levy & Wood 1992, Myers
1997, 1998). Two-year cycles have been found
to occur in, e.g., roach (Townsend 1989, 1990
and references therein), cod (Gadus morhua,
Bjornstad et al. 1999 and references therein),
and rainbow smelt (Osmerus mordax, Lantry
& Stewart 2000 and references therein). Densi-
ty-dependent inter-life stage interactions, either

competitive or cannibalistic, are suggested to
cause these cycles. In this context, it should be
noted that no external biological, physical or
chemical environmental variable relevant to ven-
dace is known to perform two-year cycles. Nor
is the abundance of any important vendace pred-
ator, except perhaps vendace itself (cannibalism
suggested by Nordqvist 1944 and observed in
laboratory conditions by Urpanen et al. 2012),
known to cycle biannually. Aquatic predators are
also generalists, capable of diet shift. Inter-spe-
cific predator—prey interaction (Volterra 1931,
May 1973) as a driver of the two-year cycle is
thus unlikely and the damped cycles in vendace
recruitment must occur due to the intra-specific
population regulation.

Typically, the temporal variation in the SB
does not at all appear to perform a two-year
cycle, on the contrary, it is “sluggish” in compar-
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ison to random variation. This is understandable
because in real time-series with at least moderate
post-recruitment survival, SB should resemble
the weighted moving average of the previous
few years REC because, after all, SB consists
typically of certain previous year classes that
survive in the spawning stock for more than a
year. Thus, increasing or decreasing local trends
of several consecutive years should emerge due
to strong variability in REC. Our results sup-
port this: typically, a very high probability of as
high or higher value of LW and NvA in random
time-series compared to observed implies “stiff-
ness” in the time series. However, when post-
REC survival is low, SB should consist for the
most part of previous year REC only. Conse-
quently, SB should generally be low and fluctu-
ate more (Ricker 1958) — asymptotically as the
previous REC. Even a two-year cycle should be
present in SB if one exists in REC. We did not
study correlations between proxies at different
life stages but evidence to support this notion
has previously been found in several lakes, most
of them exposed to intensive fishing (Table 1) or
having naturally high post-recruitment survival
(Lake Bolmen, Hamrin & Persson 1986).

Support for two-year cyclicity in LD was
negligible. This is as expected because the LD
is closely related to the spawning stock (and
thus to the population fecundity), which in turn
did not show cyclicity either. A positive asso-
ciation between SB and LD was found in lakes
Onkamo (Auvinen et al. 2000), for certain peri-
ods in Pyhdjarvi, SW Finland (Helminen et al.
1997, Sarvala et al. 2020), and S Konnevesi
(Marjoméki et al. 2021a). Nissinen (1972) sug-
gested, without formal analysis, that the relation-
ship between SB and egg density in spring was
directly proportional.

Unfortunately, the available LD time-series
were short and did not match temporally with
REC data in many lakes. Of those lakes with sig-
nificant two-year cycle in REC (Fig. 3), a long
sequence of larval data matching temporally
with the cycle in REC was available only from
S Konnevesi, Paasivesi and Pyhéjarvi, SW Fin-
land. A positive association was found between
LD and REC in these lakes (Sarvala et al. 2020,
Marjoméki et al. 2021a; H. Auvinen & J. Jur-
velius unpubl. data), as well as between three-

week-old larvae and REC in Suomunjarvi (Vil-
janen 1988) and Onkamo (Auvinen et al. 2000).
Therefore, based on the available data we do
not know exactly at what life-stage the two-year
cycle in REC emerges, and we cannot rule out
the possibility that it typically appears already in
larval stage. Thus, it may be more common for
LD than what our data reveal. The considerable
measurement error in LD estimates may also
mask the cyclicity. High spatial variation in the
larval abundance, timing of sampling in relation
to the hatching peak of larvae and high mortality
of larvae during first weeks after hatching cause
the uncertainty in LD estimates. This problem
of precision apparently also applies to proxies
of SB and REC, but the LD estimate is the only
one of those for which the precision was actually
estimated. Especially when SB is low, it is diffi-
cult, if not impossible, to discern the between-
year variation (Sarvala & Helminen 2021).

The fact that our meta-analysis confirmed
two-year cyclicity in REC is also not surpris-
ing, as it is consistent with previous evidence
from several single-lake studies using different
methods from mere judging by eye to formal
time series-analysis with, e.g. an auto-correlation
function (Table 1). The mechanisms causing the
cyclicity in REC are outside the scope of this
analysis, but we can draw some general conclu-
sions about the states of affairs that facilitate its
emergence.

The cycle in REC typically arises in sit-
uations in which SB consists of only a few
year classes e.g., due to high post-recruitment
(fishing) mortality or during recovery from a
collapse. Then SB is on average at a low level,
so the actual level of density-dependent com-
pensation can be expected to be low in the
SB-REC-relationship. Afterwards, the cycle in
SB can induce or boost and prolong the cycle in
REC directly. The cycle in SB must apparently
have been based on a single, possibly accidental
successive occurrence of a very abundant and
very low recruitment, which induces the onset
of damped generation cycle oscillation (see e.g.
Myers et al. 1998).

The existence of a SB-boosted cycle in REC
is supported by the current data from the high
post-recruitment mortality population in Lake
Onkamo, for which the most extreme prob-
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ability value for the cycle in SB was found
(Auvinen et al. 2000), as well as by previous
studies from lakes Puruvesi (Nissinen 1972)
and Bolmen, Sweden (Hamrin & Persson 1986).
In addition, a two-year cycle in REC emerged
in Oulujirvi, when fishing mortality increased
(Huusko & Hyvérinen 2005). Salojirvi (1987)
reported the change in the fluctuation cycle and
turnover in Kiantajdrvi, when fishing effort was
increased. Also, the differences in fluctuation of
REC between intensively and practically non-ex-
ploited parts of Pyhdjarvi, SE Finland, support
the conclusion that fishing affects vendace fluc-
tuations (Auvinen 1994). The SB data matching
temporally with REC from the most intensively
exploited population in Pyhdjarvi, SW Finland,
are short but had a two-year cycle during periods
of strong stock in both SB and REC (Sarvala et
al. 2020, Sarvala & Helminen 2021). Interest-
ingly, three-year generation cyclicity was found
during a period of intensive fishing in Lake
Mjesa (Sandlund et al. 1991), where the age of
maturation of vendace is three growing seasons.
The pattern of fluctuation changed, when fishing
ceased. Thus, the data support the conclusion
that fishing, especially when targeting effectively
already pre-mature individuals promotes the
shift of cyclical variability to short wave-length
cycles. These may induce cascading cycles in the
ecosystem more widely.

However, in northern Finnish lakes with
very high fishing mortality (Salmi & Huusko
1995) there was typically no significant two-year
cyclicity in REC. Partly, this may be because of
the short time series (low test power), but it may
also be due to the fact that closer to the latitudi-
nal edges of distribution, population dynamics is
often proportionally more driven by external cli-
matic factors than the population regulation (e.g.
Sether et al. 2003). For vendace, the association
between summer temperature and REC in Lake
Inari (latitude 69°N) (Salonen 1998), the asso-
ciation between ice-off time and REC in lakes
in southern Sweden (Nyberg et al. 2001) and
the heatwave-associated vendace mortality in
shallow Lake Peipsi, Estonia/Russia (Tammik-
saar & Kangur 2020) support this conclusion.
Therefore, deeper understanding of the effects of
climate change on the factors affecting dynamics
of ectothermic aquatic populations is essential

in forecasting its consequences, not only trends
in the average state of populations, but changes
in their variability (e.g. Sether et al. 2003,
Garcia-Carreras & Reuman 2013) as well.

The lakes where the cycle in REC was tem-
porally associated with recovery from the col-
lapse were S Konnevesi, Tehinselkd in Péijanne
and perhaps Onkamo (Fig. 3).

Finally, there were a few interesting cases
where a two-year cycle in REC prevailed for
a long time in a population with abundant and
non-cyclical SB and only moderate mortality.
These include at least S Konnevesi (Marjomaki
et al. 2021b) and Puulavesi. As lake-specific risk
levels (p values) are very low, << 0.01, these
proxy data are unlikely to show spurious signifi-
cance either (likelihood e.g. for at least one spu-
rious significant series among a set of 23 series
with risk level p = 0.001 is about 2%). Impor-
tantly, since the cycle in REC in these data is
very likely not considerably induced or boosted
by a cycle in SB, these data are the strongest
evidence of the existence of a delayed suppres-
sive effect of the previous year-class on the next.
Previously, Helminen et al. (2002) showed that
delayed density dependence is essential in order
to mimic the intensity of the two-year fluctuation
observed in SW Pyhéjarvi.

Meta-analysis increases the reliability and
generality of the results because conclusions
based on published single-lake studies are prone
to spurious correlations, even possibly ampli-
fied with publication bias (Sterling 1959). On
the other hand, in case of a single lake, the test
power may be low due to short time-series. In
addition, the low precision of population proxies
can mask cycles, especially during a low-density
period when the relative precision of the proxies
is lowest. However, random measurement errors
can also produce false cycles in observed proxy
time-series, which apparently also applies to the
new indicators LW and NvaA. Combining the
lake-specific evidence should allow these chal-
lenges to be overcome to some extent.

An important prerequisite in Fisher’s com-
bined probability test is that the combined p
values must stem from independent hypothe-
sis tests. In principle, different lakes can be
thought of as test benches for independent
experiments. However, Marjoméki et al. (2004)
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showed that the population proxies of nearby
lakes are temporally synchronised. Thus, some
large-scale environmental variables act as Zeit-
gebers, occasionally inducing e.g. a very strong
year class in several lakes simultaneously. It
should be emphasised that none of the environ-
mental variables studied in the context of ven-
dace population dynamics has shown significant
two-year cyclicity. Therefore, despite occasional
phase-synchronisation, populations of differ-
ent lakes were considered independent for their
short-term fluctuation.

Robust indicators LW and Nv A proved useful
in identifying two-year cycles in time series
that hardly obey the assumptions of parametric
methods. Yet, the results of previous, method-
ologically more advanced assessments [e.g. SW
Pyhéjérvi (Helminen & Sarvala 1994), Puulavesi
(Marjomiki et al. 2014)], were in line with the
present robust assessment.

LW and Nva obviously correlate with each
other. LW is in principle a more sensitive saw-
blade indicator with a wider range of p values.
Yet it is sensitive to low-precision induced false
observed cuts anywhere in the true cycle or to
real random phase shifts due to e.g. extreme state
of environmental variable affecting pre-recruit-
ment survival. In addition, LW does not take into
account any other, shorter sequence, but only to
the longest. For example, the REC time-series
from SW Pyhdjirvi, contained separate 9-year
and 12-year two-year cycle sequences in addition
to the longest 16-year sequence. Thus, LW is a
conservative index with a tendency to type-II
errors, i.e. a bias in the direction of maintain-
ing the H -hypothesis of no significant two-year
cyclicity as opposed to random series. NVA was
developed to more fully grasp the information
about cyclicity by identifying the rudimentary
cycle blocks anywhere in the data. This incurs
cost in the case of short time series: the test power
is low, which in turn makes the indicator prone to
type-1II errors. In a long series, e.g. in the example
above, it was able to detect the saw-blade infor-
mation more efficiently. Finally, the length of a
true population-regulated dampening cycle needs
not necessarily be longer than a “random”, acci-
dental environmental-variability-induced cycle.
Again, this makes the test conservative towards
the hypothesis of random variability (H,). In view

of all the above, our assessment with these indica-
tors is a conservative one and therefore the main
result indicating significant two-year cyclicity in
REC (H)) is very likely to be reliable.

Surprisingly heuristically, in the random time
series, the LW and NV A indices did not correlate
with the Pearson autocorrelation function (AFC)
with lag 1 at all (in this test, the random variables
were normally distributed as must be assumed).
Thus, high LW and NvA values do not necessar-
ily mean that a negative serial correlation could
be expected. This is obviously due to the fact
that the new indices do not take into account the
magnitude of the difference between successive
observations. Within a time series, the vendace
density may vary for a long time around differ-
ent stable states in completely different order of
magnitude (Marjoméki et al. 2021b) or around
a trended sliding mean (as in S Konnevesi data)
potentially still following saw-blade dynamics
around that local mean. Our new indicators were
quite robust towards these issues, but in order to
apply e.g. ACF, one must de-trend the data, pos-
sibly remove the effect of SB, and normalize the
residuals before the analysis. As mentioned in
the introduction, this can be difficult with “dirty”
proxies. In contrast, the new indicators, because
they only look at two consecutive observations
at a time, are quite insensitive to, for example,
catchability trends and the statistical distribution
of the proxies.

Conclusions

Our results support the interpretation that there
is a tendency for two-year cyclicity in ven-
dace recruitment. The results are consistent with
the previous model-based prediction that high
post-recruitment mortality facilitates the direct
loop REC —> SB —> REC, enhancing gener-
ation cyclicity, prolonging damped oscillation,
but that the more direct suppressive effect of
the previous REC on the next must be present to
adequately explain all the observations.

LW and Nva serve as independent robust
indices of two-year cyclicity. However, we must
emphasize that analytical methods would be rec-
ommended for long time-series of high-precision
data. AFC (e.g. Helminen ef al. 1993a, Sarvala et
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al. 2020) and model-based quantification of the
effect of SB and the previous year’s REC (e.g.
Marjomaéki et al. 2014) may be more efficient in
terms of test power and importantly they reveal
the association between different stock indices.
Finally, be careful with your eyes: the saw blade
easily hits the observer’s eye: “random” unpre-
dictable variation just ”looks” like a saw blade,
when you are tuned into finding regularity.
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Appendix 1. The time-series of In(spawning stock biomass) [In(SB)], In(larval density) [In(LD)] and In(recruitment)
[In(REC)] proxies for selected Finnish lakes; for lake locations see Fig. 1.
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Appendix 1. Continued.
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Appendix 2. The p value
of each LW (= probability
of LW = X) in a time series
of a given length approx-
imated from its observed
probability in data from at
least 50 000 time-series of
random numbers obeying
normal distribution.

Appendix 3. The p value
of each Nva (= probabil-
ity of Nva = X) in a time
series of a given length
approximated from its
observed probability in
data from at least 50 000
time-series of random
numbers obeying normal
distribution.
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