NUCCJEJOBAHUE CJOXKHBIX
NONYJISIHUOHHBIX CUCTEM C IOMOILBIO
MATEMATUYECKHUX METOJIOB AHAJIU3A
JTUHAMUKHU NONYJIALIMN:
PEAYKHUOHUCTCKUU U XOJUHUCTUUYECKHUU
NOAXObI

Mensunckuu A.b., Hypuesa H.U., Pycakos A.B.
NHCTATYT TEOPETUYECKOUN U SKCTIEPUMEHTANIbHON Onodu3nkn PAH,
[Iymuno, MockoBckast 001acTh, Poccus



YSMEPITKEHTHOCTbD

MO YMEPI) KEHTHOCTBIO OBBIYHO
MNOHUMAIOT HECBOIUMOCTD
CBOMUCTB LHEJOCTHOU CUCTEMBI K
CYMME CBOUCTB EE KOMIIOHEHT
IMPU OTCYTCTBUU CBSI3EU
MEXIY 9 TUMU KOMIIOHEHTAMU



dMepaXKeHTHoe
nosegeHue npucylle,
Hanpumep, PblIbHbIM
cTaam. [1BnxkeHune
Kaxkaow 13 pblib B cTae
3aBUCUT OT
yCcpeaHEHHOro
HanpaB/ieHnA
ABUXKEHMA eé cocenen.
B pe3synbrate moxert
BO3HMKaTb A40OCTAaTOYHO
C/IOXHOE nosegeHue
CTaun KakK uenoro.
Takoe noseaeHue,

B YaCTHOCTH,
no3BoONAeT CTae
MUPHbIX PbIb
MWUHUMU3NPOBATb
noTepu, CBA3aHHbIE

C HanageHuem
XULWHUKOB [PanaKos,
1972].

PanpaxoB /I.B. (1972) Cmatinocmo pwid xax sxonoeuueckoe sisnenue. Mockna: Hayka



SMEPI)KEHTHOCTb HA IPUMEPE TIPOCTOU MATEMATHYECKOHN MOJEJIU
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C =0.075; F(x; (1)) = rx(£)(1 — x(t)).
Cucrema M3Ha4YaIbHO XaOTHYECKHUX OCIHUIIISTOPOB
pacmnamaeTcs Ha JIBa JIOMEHA, OTIIMYAFOIINXCS IPYT OT
Ipyra XxapakTepom Kojebanui. B pesynberare
(bopMUpOBaHUS JIBYX JOMEHOB, XapaKTEePU3YIOIMMXCSI
Kaue€CTBCHHO Pa3HBIMU THUIIAMHU KOJICOAHUM, TUHAMHKA
CHCTEMBI KaK II€JI0T0 HE MOXKET pacCMaTpuBaThCs
IPOCTO KaK PE3yJbTaT MPOCTOr0 CyMMHUPOBAHUS
HE3aBUCHUMBbIX JIOKAJbHBIX KOJICOAHHIA.

Rusakov A.V., Tikhonov D.A., Nurieva N.I., Medvinsky A.B. (2021)
Emergence of self-organized dynamical domains in a ring of coupled population
oscillators. Mathematics, 9, 601 (13 pages).



Ha ypoBHe 0MOLI€eH03a 3MEPAKEHTHOCTH 00yCJI0BJINBAETCH
B3aUMOJICUCTBUSAMHU MEXKAY OTACJIbHBIMHU MOMYJISIIUAMH, a TAKKE —
MesKIy OpraHnm3sMamMu U GakTopaMu OKpyKawmei cpeabl

«IIpaBH1I0 KOHKYPEHTHOI'0 HCKJIIO YEHHSI».
(akoJior 1 MukpoOuosior I'. @. 'ayse)

HB& AKHBBIX CYIIECTBA HC MOT'YT OOUTATh B OJHOM
MECTE, €CJIH HX SKOJIOTHUCCKHE HOTPGGHOCTH
HICHTHYHBI, TAK KdK OHH 3aHUMAIOT OOHY H Ty JKC
9KOJIOTHYCCKY ) HHIITY.

Gause G.F. The Struggle for Existence (1934) Baltimore: Williams & Wilkins



MOJIEJbHAS DKOCUCTEMA, BKJIIOYAIOIIAS JIBE MONYJISILIUNA
MOTPEBUTEJIEMN (y4, y,) U OJTHY MOMYJSILIAIO JKEPTBBI (X)

IIpeanonaraercs, 4To
*  HA CHCTEeMY OKa3bIBAKOT BJHsIHHE TOJIBKO (ochop (P) u yriepon (C);
orHomenne P:C B monmyJasinuu ’KepTBbI X HUKOTAA He OMyCKaeTCsl HUKe HEKOTOPOro MuHuUMYMa ();
*  orHomeHue P:C B nonmyasinusix nmorpedouTesiei noaep:;kMBaeTcs NOCTOSTHHBIM H IPUHUMAET 3HAYEHHSl, COOTBETCTBEHHO, S1 U Sy;
docdop pasnenén Ha nBa myaa: (1) B nonyiasiuusix norpeduresaeii u (2) 10CTYNHbIN /151 JKePTB;
* cymMMapHas KoHueHTpauus pochopa (Pr) He u3MeHsIETCS.

MaremMarudecKoe OIMCaHue MOIEIH : bb110 MOKa3aHO, YTO Y4Y€T

dx _ X CTeXMOMeTPHUYECKHUX NMoKa3arejaeu

dt rx (1 N min(K,Pr—S1yY1—S2y )/q) B fl(x)yl B P

£,00) TR (51 4 S3), BBISIBJISIET IMEPAKEHTHYIO
x ] ()

2\X))2 o 0CO0EHHOCTh ITOM CHCTEMbI KaK

dy (Pr—s1y1-52¥2)
1 . . °

5 — eamin 1, :1 fi(x}y, —dyy,, U€JIOIO:

BO3MOKHOCTh YCTOIYHBOIO

dy (PT—s1y1-52Y2) _ .
2 .

—, = exmin{ 1, - £,(}y, — dyy,. COCYIIECTBOBAHMS MOMYJISIM B YTOi

CHUCTEMeE, BKJIKYAIOIIEeH IBe

3nech I, K, e; e;,dy, d, — KOHCTaHTHI, .
NOMYJISIUU MOTPeduTe e,

f1(x) u fo(x) — pyukuuu Xommuara |l tumna:

fi=S% =12 KOHKYPUPYIOINHUX 32 OAMH U TOT ke
aitx pecypc: OIHY NOMYJISIIIUIO
Loladze I., Kuang Y., Elser J.J., Fagan KE€PTBbLI.
W.F. (2004) Competition and ITOT BbIBOJ MHTEPECEH /ISl
stoichiometry: coexistence of two MOHUMAHUA MEXaHU3MOB, JIeKAIUX
predators on one prey. Theoretical B OCHOBe MO/IeP:KaHUs PHPOTHOIO

Population Biology, 65, 1-15. ouopa3HooGpa3Hsl.
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MATEMATUYECKAA MOIEJIb
BBIJIEJJEHHOI'O BJIOKA MONYJIALMA THAPOBUOHTOB,
BKUIIOYAIOHIET'O 300IIJIAHKTOH, MUPHY1O PbIbY U XNIIIHYIO PbIBY

Mupnan pbib
BocnpouzeoacTso
------------------------------------------------------------------
B 2 A
N cneayloulyio N cneayiouly| N
)
W <@, ) ZI <o, =)
IMoTpeGacHne [MoTpe C.\xepruoc-k‘
3oonaankToH
Mepex
[
cTany
ToTped.
N N N N
nfelel n.c.c.
<@, @, wh< @ @ W< @m Per2
H H
H [
i BocnpoussoacTeo i
et e ee e e et :
C Mcpruuch‘

Medvinsky A.B., Bobyrev A.E., Burmensky V.A., Kriksunov E.A., Nurieva N.I.,

Rusakov A.V. (2015) Modelling aguatic communities: Trophic interactions and the body-mass-
and age-structure of fish populations give rise to long-period variations in fish population size.
Russian Journal of Numerical Analysis and Mathematical Modelling, 30, 55-70



MATEMATHUYECKASA MOJAEJIb CUCTEMbI « PUTO®AT - JHTOMO®PATI »

du 3nech Un V - pa3Mepsl nonymauuii purodara u s3HTOMO]Aara COOTBETCTBEHHO;

= u(u - l) (1 —_ u) —uv + a, | <1 - oTHOIIEHNE HUKHEW KPUTUUECKOM IIOTHOCTH MOMYJISIHK (pUTOdara
dt K IJIOTHOCTH, OOYCJIOBIIEGHHON peCypcaMu 3TOM MOMYJISLINU
dv B OTC ;
_ yTCTBHE SHTOMOdAra;
— = —yv(m —u + fv) ) ,
dt My — MaJbTy3UAaHCKUN ITapaMeTp,

npuuéM y — 310 K03 PuIreHT nepepadboTku 6romaccsl putodaron
B Oromaccy sHToMO(}aros;

0. — CKOPOCTb MUTPAIIMOHHOTO MOTOKA HACEKOMBIX;
f — napameTp, XapakTepu3yIOLIHi KOHKYPEHIIUIO MEX1y SHTOMO(daramu.

ENCANTNEN
NN, @\ [@\
2N

[TapameTpruueckoe 000CHOBaHKE MPUHIIMIA CTAOUIBHOCTH IMHAMUKHI CUCTEMBI «(puTodar — s3HTOMOpar.
Jloxnaowvr Akademuu nayx, 333, 67/3-675

u




T'MBPUIHOE MOJEJUPOBAHME KAK MOJIXO/,
MO3BOJIAIOIIUIA B XOJIE MATEMATUYECKOT'O MOJEJTUPOBAHUS
YUUTBIBATH PE3YJILTATBI MOHUTOPUHTIA PEAJIBHBIX DKOCUCTEM

Ipumep: npocrermas TpoPpUUYECKas HEMOYKa:
¢puromnankToH (P, pecypc) — 300m1ankToH (Z, noTpedouTeIb).

Takas 11ermo4yka MOKET OIMUChIBATHCS Pa3HOCTHBIM YPABHCHUCM.
P(t+1) - P(t)=G(c,P(t)) — f(m,P(t)) Z(t).

3nech t — Bpems, G — QyHKIMS, ONUCHIBAIOIAsl MOMOJHEHUE MOMY/ISAIUKU (PUTOIIIIAHKTOHA
(OHa MOXKET MPUHUMATh KaK MOJIOKUTEJIbHBIE, TAK U OTPULIATEIIbHBIC 3HAUCHU ),

f — rpoduueckas GyHKIIHS.

Oyukiug G 3aBUCUT KaK OT 0OMIUS MONy/siuu huToruiankToHa P,

TaK ¥ OT OOJIBIIIOTO YUCJIA TAPAMETPOB, BIUSIONIMX HA BOCIPOU3BOJCTBO MIAHKTOHA;
3THU MapaMETPhI 3aJaI0TCA BEKTOPOM C, pa3MEPHOCTh KOTOPOTO BEJIMKA U 3apaHee HE
omnpeeseHa.

Tpoduueckas dpynkius f npeamnonaraercs 3aBucumMoii ot P,

a TaKXe — OT mapaMeTpoB (M), YUCIIO KOTOPBIX OOBIYHO HE MPEBBIMIAET 3.

MenBunckuii A.b., AtamoBuu b.B., PycakoB A.B., TuxonoB /I.A., Hypuesa H.U., Tepemko B.M. (2019) Jlunamuka
MOMYJISALUN: MaTeMaTHYeCKOe MOJICIIMPOBAHUE U PealbHOCTh. buogusuxa, 64, 1169-1192.
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Oyukiusa G, kKoTopasi HEMOCPEACTBEHHO
HE U3MEPSIETCS B XO€ MOJIEBBIX
HCCIIeIOBAHUM, MOYKET OBITh MOJIyYeHa U3
JTAHHOTO YPaBHEHUS 8 8UOe BDEMEHHO20
paoa. Takum o0pa3om, B 4aCTHOCTHU, ObLIa
IPOJIEMOHCTPUPOBAHA CONPSIHKEHHOCTh
kojeOanuii pynkmuu G(t) u Temneparypel.

MenBunckuii A.b., Axamosuu b.B., Pycakos A.B.,
Tuxonos /I.A., HypueBa H.H!., Tepemxo B.M. (2019)
JlnHaMuKa MTOMyJISIUi: MaTeMaTHIeCKOe MOJICITUPOBAHKE
U peanbHOCTb. buogusuxa, 64, 1169-1192.

- P()=G(c,P(t)) — 1(m,P(t))Z(1)

I

Haszpanue dyHKImn

BI/I)I 3aBUCUMOCTH

IlocTostHHAS c
JInneiinas aN
I'uniepbosnueckas aN/(1+ahN)

OkcnoHeHnuanbHas (MBiesa)

R(1 - exp(-N/a)

To xe, o g(N) — g(N/P)

R(1 - exp(-bN/P)

CurmounnHas Nel

cN2/(d? + N?)

Curmonanass Ne2

kNZ/(1 + gN + khN?)

0-curmouniHas

cNY/(d? + N?)

MexaHucTHIeCcKas HHTep(EpeHITHsI aN/(1+awP)
Jluneiinas uHTEpHEPEHIHS cN/P
Xaccena — Bapmu (Hassell — Varley) cN/pm

Xaccena — Bapnu — Xomnuara (Hassell -
Varley - Holling)

c(N/P™/(L + aw(N/P™)

bemmunarrona — JleAmxkenuca (Beddington — aN/(1 + awP + ahN)
DeAngelis)
Apautu — T'un3bypra (Arditi — [uaz6ypra) min (aN/P, R)
Apaurtu — T'nabypra — Korrya (Arditi — a(N/P)/(1 + ah(N/P))

Ginzburg — Contois)

bassikuna — Kpoysu (bassikuna — Crowley)

(@N/(1 + ahN))(L/(L + 4P))

Tpana (Tran) Nel (N/P)(1 - (1 - ex)Ph)
Tpana (Tran) Ne2 (N/P)(1 — exp(eP))
TroTroHOBa Nel (aN)/((P/Py) + exp(-P/Py)

+ ahN

Trotronosa Ne2

@N)/((P/Py) + (L/(1 +
P/Py)) + ahN




JTUHAMUKA O YJIAIINMH:
IHNPEJAEJIBI IPEACKASYEMOCTH
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MNPEJJCKA3YEMOCTH KAK PE3YJIBTAT YCTOMYUBOCTU ITMHAMUKHU

3apadven Kowun ansa obbiIkHOBEHHOro aAnddepeHumansHoro Yemoldyuaoome no ﬂﬂn}q{ﬂgy
ypaBHeHusa ¥’ = f(x,y,y') Ha3blBaeTCa 3a4ava Buaa

y'=fxy.y") X(t)
y(xo) =¥o , %o € (a,b), — \.
' (x0) = Yo =

rae xo, Yo, Yo - 3aAaHHble BELWeCTBEHHbIe Yncna. el ; | ?‘

Mpu aToM ycnosus y(xg) = yo, y'(xg) = yo HasbiBatoTCS

Ha4vyanbHbIMKU YCNOBUAMK WNKN yCnoBUAMU KoLwW.
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BAKHOE CBOUCTBO
XAOTHYECKOI'O TPOLIECCA

X(n+1)=3.99[X(M][1-X(n)]

J1eTEpPMUHUCTUYECKUE

1.0
BPEMEHHBIE PAIBI, CIETKA e
OTJIMYAIOIIUECS 110 08

07k
06 L
05k
04
0zh
0z f

HAYaJIbHBIM YCIIOBHUSIM,

MMPAKTUYECKU COBMNAIAIOT
Ha IPOTSLKEHUU 24 )
UTEpALNM, HO 3aTEM o |

o —e— =
| |----#----  Z0ODDO

Magnitude (X)

30

OBICTPO PACXOASATCH. Cycle (n)

Xa0TUYECKHUE MPOLIECCHl YyBCTBUTEIILHBI K HAYaJIbHBIM YCJIOBHSIM.
OOpaTHOE BepHO HE Bceraa!
Pacxox1eHrne XaOTHYECKUX BPEMEHHBIX PAAOB
BO3pPACTAET IO SKCIIOHEHTE:
mod[x,(n)-x,(n)] ~ exp(A-n).
31ech A — JOMUHAHTHBIN JSIYHOBCKUM IToKa3arenb. [ist xaoca A > 0.
T'opu3oHT npeackasyemMoctu ~ 1/A.



ATTPAKTOP JIOPEHIIA

dx_ ( )_dy_ _dz_ bz +
=o(y x,dt—rx y xz,dt— zZ+xy

dt

Edward Norton
Lorenz

TpaexkTopuu BHYTpH aTTPaKTOpPa NOCTENIEHHO
pacxoasitcs APYr OT Apyra.

TpaekTopuu NpUTATrUBAKOTCH

K aTTPAKTOPY U3 TOUYCK Topu30HT npeacKkazyeMocTH —
ITO TO BpeMs,
BHEC €I'0 B Te4eHHEe KOTOPOro

(¢a3oBbie TPACKTOPHH OCTAKOTCH OJUZKHUMH.
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JTUHAMUYECKHUHN XAOC 3AMHTEPECOBAJI DKOJIOI'OB

review article

Simple mathematical models with very

complicated dynamics
Robert M. May*

First-order difference equations arise in many contexts in the biological, economic and social sciences.
Such equations, even though simple and deterministic, can exhibit a surprising array of dynamical
behaviour, from stable points, to a bifurcating hierarchy of stable cycles, to apparently random
Sluctuations. There are consequently many fascinating problems, some concerned with delicate
mathematical aspects of the fine structure of the trajectories, and some concerned with the practical
implications and applications. This is an interpretive review of them.

THERE are many situations, in many disciplines, which can be
described, at least to a crude first approximation, by a simple
first-order difference equation. Studies of the dynamical
properties of such models usually consist of finding constant
equilibrium solutions, and then conducting a linearised analysis
to determine their stability with respect to small disturbances:
explicitly nonlinear dynamical features are usually not
considered.

Recent studies have, however, shown that the very simplest
nonlinear difference equations can possess an extraordinarily
rich spectrum of dynamical behaviour, from stable points,
through cascades of stable cycles, to a regime in which the
behaviour (although fully deterministic) is in many respects
“chaotic”, or indistinguishable from the sample function of a
random process.

Fourth, there is a very brief review of the literature pertaining
to the way this spectrum of behaviour—stable points, stable
cycles, chaos—can arise in second or higher order difference
equations (that is, two or more dimensions; two or more
interacting species), where the onset of chaos usually requires
less severe nonlinearities. Differential equations are also
surveyed in this light; it seems that a three-dimensional system
of first-order ordinary differential equations is required for the
manifestation of chaotic behaviour.

The review ends with an evangelical plea for the introduction
of these difference equations into elementary mathematics
courses, so that students’ intuition may be enriched by seeing
the wild things that simple nonlinear equations can do.

TMHiamid remdam 2 rmnman mmme- L .
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PeKOHCTPYKIIUSA JHAOT€HHOU JUHAMUKHY MOMYJISA UM
HA OCHOBE HAO/IIOACHUM

N, = F(N.y, N, -, Nip: &)-
Ni = F(Ng g, Neo &),
N = Npaf(Ne g, Nio, &)

IIpennonaraercs, 4To

X = (Nt—l)gliY = (Nt—2 )92
t

log—=a, +a, X +a,Y +a X > +a,Y +a, XY +¢,

t-1
3ajada COCTOUT B TOM, YTOOBI, MOAOOPAB YUCICHHBIE 3HAYECHUSA 04 n 0,,
onpeaenuts Bua Gynkuuu f = N/N, ; Haubosee cCOOTBETCTBYIONIMIA
JAHHBIM, ITOJIYYEHHBIM B XO€ HaOIIOAECHUN. JTO MO3BOJISAET IIOCTPOUTH
¢azoBbrit moptpeT N((N, ;) ¥ B pe3ynbrare BbISIBUTH TUI U OLIEHUTD
IPEACKA3YEMOCTh JUHAMUKU UCCIIEYEMOU MOMYIISALIMH.

Turchin, P., Taylor, A.D. Complex dynamics in ecological time series. Ecology 73, 289-305,
1992.



TABLE 3. Summary of reconstructed dynamics.

Species Autocorrelation function Response-surface model result

Phyllopertha horticola Non-stationary No regulation
Non-periodic

Choristoneura fumiferana Non-stationary or a very long cycie Exponentially stable

Dendrolimus pini Non-stationary Exponentially stablet
Non-periodic*

Hyloicus pinastri Non-stationary Damped oscillations
Non-periodic*

Dendroctonus frontalis Non-stationary Damped oscillationsF
Non-periodic

Panolis flammea Stationary Exponentially stable
Non-periodic

Lymaniriq monacha Stationary Damped oscillations
Non-periodic

Bupalus piniarius Stationary Damped oscillations
Suggestive of periodicity

Hyphantria cunea Stationary Damped oscillations
Suggestive of periodicity

Vespula spp. Stationary Damped oscillations
Suggestive of periodicity

Drepanosiphum platanoides Stationary Limit cycle (2 yr)
Periodic (2 yr)

Lymantria dispar Stationary Quasiperiodicity (= 7 yr)
Periodic (8.5 yr)

Zeiraphera diniana Stationary Quasiperiodicity (= 8 yr)
Periodic (9 yr)

Phyllaphis fagi Stationary Chaos

Suggestive of periodicity

* Autocorrelation function of the detrended series suggests periodicity.
1 Damped oscillations extracted from the detrended series.
t Diverging oscillations and chaos extracted from the first and second half of the series, respectively.

Turchin, P., Taylor, A.D. Complex dynamics in ecological time series. Ecology 73, 289-305,
1992.
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Fig. 4. Positive Lyapunov exponents (LEs) in relation to body mass, color distinguishing broad
taxonomic groups. Includes data from this study (GPDD and supplemental results from 3 lake
systems) and positive LEs compiled by ** (AG2020). Note that the lake data (squares) were not
used to fit the regression line.

Rogers, T., Johnson, B., Munch, S. Chaos is not rare in natural ecosystems. Preprint, 2021.



DPA3OBBIE TPAEKTOPUU
U PEKYPPEHTHBbLIE INAT'PAMMbI
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bauszocTh ABYX ()a30BbIX BEKTOPOB COOTBETCTBYET
YEPHOU TOYKE HA PEKYPPEHTHOU JUarpaMmme

Marwan, N., Romano, M.C., Thiel, M., Kurths, J. Recurrence plots for the analysis
of complex systems. Physics Reports 438, 237-320, 2007.




OIIEHKA I'OPU30OHTA HPEI[CKABYEMOCUTI/I
C UCIIOJIBb3OBAHUEM PEKYPPEHTHOM
JINAT'PAMMBbI

J1J1d OIIEHKHW TOPU30HTA MPEJICKA3YEMOCTH
BPEMCHHOTO psiia U(t) BEIUHCISECTCS CPSIHSS TIIHHA
nuaroHanbHBIX JuHui < | > (mpu ycnosuu: | > 1 . ).
JTa CPpeAHA JJINHA COOTBETCTBYECT TOMY
NHTEPBAJy BpeMEeHH, B TeUeHHEe KOTOPOIo
THBEPreHnusa 0JJU3KHX YYacTKOB (ha30Boii

TPACKTOPUH €lI¢ He3HAYUTEIbHA.

Marwan, N., Romano, M.C., Thiel, M., Kurths, J. Recurrence plots for the analysis
of complex systems. Physics Reports 438, 237-320, 2007.



PEKYPPEHTHBIE TUATPAMMBI, COOTBETCTBYIOLIUE
NEPUOAUYECKOMY IMPOLIECCY (1),
XAOCY (2),
CJIYYAUHOMY IMPOLIECCY (3)

(1)

booObipeB A.E., bypmenckui B.A., Kpukcynos E.A., Meapunckuii A.b., Meabuuk M.M.,
Hypuesa H.HU., PycakoB A.B. (2012) Ananu3 kosieOaHUN YUCIAECHHOCTH TOMYISIIHAIMA
poMbICIOBBIX PbIO [IckoBCcKO-Uynckoro o3epa. buogusuxa, 57, 140-145.



PEKYPPEHTHBIE JJUAT PAMMBbI,
XAPAKTEPU3YIOIIUE TUHAMUKY ®UTOIMJTAHKTOHA:
(a) 03. HAPOUb, MAJIBIH IIJIEC,

(b) 03. HAPOYb, BOJIbIIIOM ILIEC,
(c) 03. MSICTPO,
(d) 03. BATOPUHO
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Medvinsky A.B., Adamovich B.V., Chakraborty A., Lukyanova E.V., Mikheyeva T.M., Nurieva N.I., Radchikova
N.P., Rusakov A.V., Zhukova T.V. (2015) Chaos far away from the edge of chaos: A recurrence quantification analysis
of plankton time series. Ecological Complexity, 23, 61-67.



PEKYPPEHTHBIE JUAT PAMMBbI,
XAPAKTEPU3YIOIIUE TUHAMUKY BAKTEPUOIIVIAHKTOHA
(a) 03. HAPOUb, MAJIBIH IIJIEC,

(b) 03. HAPOYb, BOJIbIIOM IIEC,
(c) 03. MSICTPO,
(d) 03. BATOPUHO
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Medvinsky A.B., Adamovich B.V., Aliev R.R., Chakraborty A., Lukyanova E.V., Mikheyeva T.M., Nikitina L.V.,
Nurieva N.I., Radchikova N.P., Rusakov A.V., Zhukova T.V. (2017) Temperature as a factor affecting fluctuations and
predictability of the abundance of lake bacterioplankton. Ecological Complexity, 32, 90-98.



I'OPU3O0HT IMTPEACKA3ZYEMOCTMU Tpr
XAOTHYECKHUX KOJJEBAHUH ®UTOINJAHKTOHA U BAKTEPUOIIJIAHKTOHA
B HAPOUAHCKHNX O3EPAX

T,» uTonnaHkToH (mec.) T,» 6akTepuonnaHkToH (mec.)
24 4.8

Hapoub, manblii naéc

Hapoub, 6onbLuoii naéc 2.3 4.6

MsacTtpo 2.5 4.7

batopuHo 25 3.4

JI71s1 Bp€MEHHBIX PSIJIOB, TOJIYUYEHHBIX B XOZ€ MOJIEBBIX MCCIICIOBAaHUM, BeIuunHa Tpr

3aBUCUT OT MHOXECTBA SHJIOTEHHBIX U K30IN€HHBIX (PAKTOPOB, TAKUX KaK:

TpodUYeCKre B3aUMOACHCTBUS MEXTYy TTOMYJISIIASIMU, KOJICOaHUs TEMIIEpaTyphl U TIp.

DTO 03HAYAET, YTO BEJIMUYMHA TOPU30HTA MPECKA3yeMOCTH KOJIe0aHU YUCIEHHOCTU
KOHKPETHOM TOIMYJISIIMY OTPAXKAET HE TOJIBKO JUHAMUYECKHUE CBOMCTBA CAMUX MOMYJISIIIUOHHBIX
KOJICOAHWM, HO BBICTYIIAET TAK)KE B KAUECTBE XapaKTEPUCTUKU OCOOECHHOCTEN UCCIIEAyeMOM
HDKOCUCTEMBI BO BCEH €€ MOMHOTE. [[03TOMY UMCIIEHHOE 3HAaYEHUE TOPU30HTA MPEACKA3YEMOCTH
MOXET PACCMATPUBATHCS KAK XOJIUCTUYECKUAMN TTapameTp.

Medvinsky A.B. (2019) Recurrence as a basis for the assessment of predictability of the irregular population
dynamics. In: Advanced Mathematical Methods in Biosciences and Applications. Springer, Cham, 131-145.



B3AUMOCBSA3b MEXJIY JUHAMUKON KOMIIOHEHT BUOIIEHO30B

il.ll
r
o

il iy,
¥
%)

i
ol

=

2P




BbISIBJIEHUE B3AUMOCBS3EN
MEXIY
JUHAMMUKOHU NONYJIALUU

(Sugihara G., May R., Ye H., Hsieh C., Deyle E., Fogarty M., Munch S.
(2012) Detecting causality in complex ecosystems. Science. V. 338. P. 496-500)

Detecting Causality In
Complex Ecosystems

George Sugihara,™* Robert May,? Hao Ye,* Chih-hao Hsieh,>* Ethan Deyle,*
Michael Fugarty,d' Stephan Munch?

Identifying causal networks 1s important for effective policy and management recommendations on
climate, epidemiology, financial regulation, and much else. We introduce a method, based on nonlinear
state space reconstruction, that can distinguish causality from correlation. It extends to nonseparable
weakly connected dynamic systems (cases not covered by the current Granger causality paradigm).

The approach is illustrated both by simple models (where, in contrast to the real world, we know the
underlying equations/relations and so can check the validity of our method) and by application to real
ecological systems, including the controversial sardine-anchovy-temperature problem.



UJIES

Ecau nBa miportecca, X(t) u Y(t), HaXoaATCs B IPUYNHHO-CICACTBSHHOM
CBs3U (HampuMep, KaK JUHAMHKA IMONY/ISAIUY XHUITHAKA U JUHAMHKA
IOMYJISIIIAM SKEPTBHI), TO UX 3TH MPOIECCHI MOT'YT OBITh IPEICTABICHEI
B BHJIE OOIIEro JJIS HUX aTTPaKTopa.

B aTOM cityuae mosBiseTcs NPUHIMIIHNAIbHAS BO3MOKHOCTD
PEKOHCTPYHUpOBaTh BpeMeHHOH psf Y (1), mcrmonb3ys 1 3TOTo
BpeMeHHOM psy X(t), a 3aTeM CpaBHUTH pe3ylIbTaT TaAKOU
PEKOHCTPYKIIUH C HCXOMHBIM BpeMeHHBIM psiaoM Y(t). Bo3aMoxkHa n
oOparHas pekoHCTpyKus: X(t) ¢ ucnonp3oBanuem Y (1).

Ecnu npoyeccol, npeocmasnennvie epemennvimu psoamu X(t) u Y(1)
OelicmeumenbHO NPUYUHHBIM 00PA30M C83AHbL Medcdy coboll, mo, npu
yCnosuu, umo OuHa psi0o8 00CMAmMo4YHO GElUKA,
DPEKOHCMPYUPOBAHHbLE BDEMEHHBLE PSIObl OVOVI XOPOULO
80CNPOU3BOOUMD PSObL UCXOOHBLE.



AJITOPUTM PEKOHCTPYKIUH

Ananusupytorcs Bpemennbie psaasl {X}F={X(1),....X(L)} u {Y}={Y(1),...,Y(L)}. NuryTcs
BekTophl X(t) ¢ koopauuaramu X(t), X(t-7), ..., X(t-(E-1)7), xoTropble 00pa3yr0T MHOKECTBO AX.
3areM HaxoasaTcs MOMeHTHI BpeMenH t(1),..., t(E+1) , cooTBeTCTBYIOIIE BEKTOPAM, KOTOPhIE
OTJIMYAIOTCS OT KaXKI0ro U3 BEKTOpoB X(t) Ha BEJIMUMHY MEHbIIIEC IIOPOTOBOM, BBISBIISAS TAKUM
oOpa3om Onmkanmmx coceneit Bekropos X(t). ITu OmmKkaiilie coCean UCIIONb3YIOTCS IS
uAcHTU(HKAIIMY TTpeanoIaraeMbIx ommkanmux coceaeit Y(ti), 1 =1, ..., E+1, xotopsle, B
CBOIO Ouepelb UCIOJIB3YIOTCS ISl PEKOHCTPYKIINH:

Y(O)Il Ay = z w;Y (),

rae
u;

_Zui'

B dx(t), x(t;]
= e {‘ d[x(t),xm]}'

d [x (1), x(t )] — 3BKJIMJ0BO PACCTOSIHOE MEXK/1Y COOTBETCTBYIOIIMMHU BEKTOPAMHU.

Wi

CXomHBIM 00pa30M MPOBOAUTCS PEKOHCTPYKIHSA BpeMeHHoro psaaa X(t) ¢ ucronp3oBaHreM
BpeMeHHOTO psiaa Y(t). Eciu mponecchl X 1 Y B3aMMOCBSI3aHbBI, TO C YBEINUCHUEM JIJTUHBI L
BPEMEHHBIX PAIOB PE3Y/IbTaT PeKOHCTpYKIuH Y(t) Ax Gymer mpubmmxkarses k Y(t), a
pexorcTpykims X (t) | Ay — x X(t). Takum 06pa3oM MOXKeT ObITh YCTAaHOBICHA B3aHMOCBSA3b
npoueccoB Xu Y.



PEKOHCTPYKIUUA ITNHAMUYECKUX
INPOHECCOB KAK HTHCTPYMEHT C HEJbBIO
AHAJIN3A YJIOBOB CAPAUHDBI U XAMCbBI
B TUXOM OKEAHE

AHau3 yJI0BOB TIOKa3ajl, YT0 MAaKCUMYMBI YJIOBOB capIiHa IIPUXOATCS HA TIEPUOIBI
YMCHBIIICHHS YJIIOBOB XaMChl. PaccMaTpuBaInch JIBa aJIbTEPHATHBHBIX MEXaHU3Ma TaKOH
BUIUMOM CBSI3M MEK/Ty YIIOBAMHU:

(1) momynsAMK capAMHBI ¥ XaMChl KOHKYPHUPYIOT 3a o0mmuii pecypc [Murphy, Isaacs, 1964]
u/vnn

(2) capauHa 1 XaMca pa3HbIM 00pa30M pearupyroT Ha H3MEHEHHS K30TCHHBIX (PaKTOpOB
[Lasker, MacCall, 1983].

Pe3yJbTaThl PEKOHCTPYKIUHM COOTBETCTBYKOIIUX BPEMEHHBIX PSAJA0B MOKA3aJIH, YTO
NMEHHO JK30TeHHbIe (DAKTOPHI (B MEPBYIO 0Yepeb BAPUAINIUU TeMIIePaTypPhbl)
onpeneJsaT HA0II0aAeMbIil XapaKTep IMHAMUKH 3THX PHIOHBIX MOIYJIA U

[Sugihara et al., 2012].

Murphy G. I., Isaacs J. D. (1964) Species replacement in marine ecosystems with reference to the California Current.
California Cooperative Oceanic Fisheries Investigations. V. 7. P. 1-6.

Lasker R., Mac Call A. (1983) New ideas on the fluctuations of the clupeoid stocks off California. In: Proceedings of the
Joint Oceanographic Assembly 1982. General Symposia. P. 110-117.

Sugihara G., May R., Ye H., Hsieh C., Deyle E., Fogarty M., Munch S. (2012) Detecting causality in complex
ecosystems. Science. V. 338. P. 496-500.



YUCJEHHASA OLIEHKA COMMPI)KEHHOCTHU
MEXIY IMHAMUKOU NNONYJIALUA U
BAPUAIIMSAMMU DK30T'EHHBIX PAKTOPOB
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Temperature as a factor affecting fluctuations and predictability of the @cn_w N
abundance of lake bacterioplankton

Alexander B. Medvinsky™*, Boris V. Adamovich®, Rubin R. Aliev'*, Amit Chakraborty*,
Elena V. Lukyanova®, Tamara M. Mikheyeva®, Liudmila V. Nikitina", Nailya I Nurieva®,
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NHAEKC 3AXBATA ®A3bI
(PHASE-LOCKING INDEX, PLI)
KAK MEPA ®A30BOM CUHXPOHMU3AIIUU

AHan3 BPEMEHHBIX PAJIOB
[IO3BOJISIET YMCIICHHO

OLICHUTh MHJICKC 3axBaTa (ha3bl

M TEM CaMbIM ONPEICIUTH
CTEIEeHb (Pa30BOM CUHXPOHHU3AIUU
KOJIe0aTeJIbHBIX MPOIIECCOB.

Y. Kuramoto

Chemical
Oscillations,
Waves,and

Turbulence



NHIAEKC 3AXBATA ®A3bI (PHASE-LOCKING INDEX, PLI)
KAK MEPA ®A30®0H CUHXPOHU3ALIUU

1 N-1
PLI = _‘Z etbe())
N j=0

rae N — mirHa BpeMEeHHOTO0 psija,
Ag — pa3HocTh (a3
MEK]1y BPEMEHHBIMU PsIJIAMHU.

da3za BpeMEHHOI0 psja:
t—t(n)

e =2t e

Lttn) <t <t(n+1),

rae t(k) (k = n, n+1) — MOMEHTBI BpeMeHH,
COOTBETCTBYIOIIME MAKCUMyMaM BPEMEHHOIO
psza.

C /2

312 n

Pacnpenenenue paznoctu ¢a3 u ycpeTHEHHAs Pa3HOCTh (a3 (BbIIEIEHO KPACHBIM I[BETOM).
A — c1a00 CHHXpOHU30BaHHBIC BpeMEHHBIC psbl (BemrunHa PLI 6im3ka k 0).
B — yMepeHHO CUHXPOHU30BaHHBIC BPEMEHHBIE PSIIbI.
C — CWJIbHO CHHXPOHU30BaHHBIE BpeMeHHbIe psiibl (PLI = 1).



Latvia

Lithuania> -
L.

BELARUS ™.

Temnepatypa 3o00nnaHKToH

5 s 100 120 s s 10 120

Hapoub 1 20 40 6 Hapous 1 20 40 6
t t

PUTONNAHKTOH BakTtepuonnaHkToH

e 80 100 120 o 6o 8 100 120

Hapoub 1 20 40 . Hapoub 1 20 4 .

Medvinsky A.B., Adamovich B.V., Chakraborty A., Lukyanova E.V., Mikheyeva T.M., Nurieva N.I.,
Radchikova N.P., Rusakov A.V., Zhukova T.V. (2015) Chaos far away from the edge of chaos: A recurrence
quantification analysis of plankton time series. Ecological Complexity. V. 23. P. 61-67.

Medvinsky A.B., Adamovich B.V., Aliev R.R., Chakraborty A., Lukyanova E.V., Mikheyeva T.M.,
Nikitina L.V., Nurieva N.I., Rusakov A.V., Zhukova T.V. (2017) Temperature as a factor affecting
fluctuations and predictability of the abundance of lake bacterioplankton. Ecological Complexity. V. 32. P.
90-98.



CUHXPOHU3O0OBAHDLI JIU BPEMEHHDIE PAbI IINTAHKTOHA
C BAPUALIUSAMMU TEMIIEPATYPbBI?

PLI

BOJIOEM
bakrepuonIaHKTOH DUTONIAHKTOH

03. Hapoup, 0.57 0.11
MaJIbIi TIEC

03. Hapous, 0.41 0.13
OOJIBIIION TIEC

03. MsicTpo 0.57 0.23
03. baropuHo 0.57 0.44

(1) Yucnennsie 3naueHus PLI ve 6mu3ku k 1. D10 o3Hadaet, uyto (a3a koseOaHui 0OMIHs
TJIAHKTOHA HE MOJHOCTHIO KOHTPOIUPYETCS KOJICOAaHUSIMU TeMIIEPaTyPhl.

(2) Benuunsr PLI, st puTorurankToHa, CYIIECTBEHHO MEHbIIe BemurH PLI s
OakTepuoriaHKTOHA (03. BaTOpUHO SIBISAETCA UCKIIFOUCHUEM ).

OIlHaKO, ITOT BbBIBOA HC ABJACTCH OKOHYATC/IbHBIM.



JJS1 BEPUOUKAIIMU CTATUCTUYECKOH 3HAUMMOCTHU
YUCJIIEHHBIX OIEHOK PLI U, CJIEJOBATEJIBHO, JJI51 TOI'O,
YTOBbI BBISICHUTH, IEUCTBUTEJBbHO JIU CUHXPOHU30BAHbDI
KOJIEBAHUSA TEMIIEPATYPbBI U OBUJIUA TITVIAHKTOHA,
NCIHOJB30OBAH METOJA CYPPOI'ATHbBIX JTAHHbBIX

CypporaTHble TaHHBIC TIOTYYar0TCsI Nemlneal i
sAies AnAlTLis

B PE3YyJbTATE CTOXaCTUYECKOTO
nepeMelIMBaHus UCXOIHBIX
BPEMEHHBIX PsIJIOB

(B TAHHOM CJIy4ae — BPEMEHHBIX PSJIOB,
XapaKTEPU3YIOIIUX JUHAMUKY
TEeMIIEpaTyphl U IUIAHKTOHA).

[IepemenranHbie TAKUM 00pa3oM
BPEMEHHBIC PSIIbl HE CUHXPOHWU30BAHbI
MEXKy COOOH.




BEJIMYUNUHBI PLI (moka3aHbl cTpeJIKaMHu)

U PACIIPEJIEJIEHUS BEJITUYUH PLI JIJISI CYPPOTATHBIX JIAHHBIX,
MOJIYYEHHBIX B PE3VJIBTATE 1000 TIEPEMEILINBAHUN
NCXOHbBIX BPEMEHHBIX PSI1I0OB BAKTEPUOIIJIAHKTOHA U TEMIIEPATYPBI
TJISI KAYKJIOTI'O BOJTOEMA CUCTEMbBI HAPOYAHCKHUX O3EP

(a) )

250 T T " T " 250,
N N
200¢ 1 200-

150¢ 1 150p

(a) Mabli miéc

) [ 03. Hapoun
il (b) Gompiroi mIéc
0
o] 01 0.2 0.3 0.4 0.5 Pf‘.‘ﬁ o] 0.1 0.2 0.3 0.4 05 P(Lﬁ 03. Hapoq]-)
250 L 250 (d) (C) 03. MHCTpO
oo} | 5ol | (d) 03. Baropuno

150 1 150f

100[ 1 1001

50 50

0 01 0.2 03 04 0.5 0.6 OO 0.1 0.2 03 04 0.5 0.6

PLI PLI

0

Jlns1 GakTepuoIIaHKTOHA yKciieHHble 3HaueHus PLI nexar BHe pacnipenenenuit PLI
IUI CyppOTaTHBIX JTaHHBIX.
Imo o3nauaem, 4mo Kojiebanus oounus 0aKmepuoniaHKmona
YACMUYHO CUHXPOHUZYIOMCA C KOJIEOAHUAMU MeMnepamypbol.



BEJIMUNHBI PLI (moka3aHbI cTpeJTKaMHu)
N PACIIPEAEJIEHUSI BEJIMUHUH PLI JJISI CYPPOI'ATHBIX IAHHBIX,
IMOJIYUYEHHBIX B PE3VJIBTATE 1000 TIEPEMEIIINBAHUM
NCXOIAHbBIX BPEMEHHBIX PATOB ®UTOIIVIAHKTOHA U TEMIIEPATYPbI

JJISI KAYKJIOTI'O BOJOEMA CUCTEMbBI HAPOUAHCKHUX O3EP
(a) (b)

250 T T T 250
N N

1 1507

(a) Mabli miéc
03. Hapoun
(b) Gompiroi mIéc
e ' - 03. Hapous
T N (C) 03. MscTpo
. ' (d) 03. baropuno

1 15071

50

0 0.1 0.2 0.3 0.4 05 0 01 0.2 0.3 0.4 0.5

Jliist 03. Hapous 1 03. Msictpo Bennuunbl PLI values nexxar BHyTpu pacnpeneincHuii
PLI nnst cypporaTHbIX JaHHBIX, a JJ1d 03. baTopuHO — 3a npeiesiaMu TaKoro pacipeiesieHus.
Imo o3nauaem, 4mo Kojiebanus oounus umonaiaHKmona CUHXpPOHU308AHbL C KOJICOAHUAMU
memnepamypul 6 03. bamopuno, 6 omauuue om opyzux 6000émoe
cucmemot Hapouanckux o3zép.



#1 KOHTPOJIb CO CTOPOHBI 300IIVIAHKTOHA

Takoit KOHTPOJIb MOXKET MPOSBIATHCSA B (hOpMe IMajieHrs 0OMIINs (DUTOTUTAHKTOHA B PE3y/IbTaTe
notpeodaenus ero 3oomiankronoM (Gulati, 1990). bakreproriaHKTOH OHAKO MEHEe
YyBCTBUTEIICH K TAKOMY KOHTPOIO. [IprunHa: 9uciio 6akTepuii MOXKeT KaK YMEHBIIAThCS 3a CUET
UX MTOTPEOJICHHSI 300IIAHKTOHOM, TaK ¥ PacTH B PE3yJIbTaTe FeHEPaIny 300TUIAHKTOHOM
BEIICCTB, HEOOXOIUMBIX OakTepHsaM il ux GyHknuonupoanus (Gurung et al., 2000).

B pesynbrare xosie0aHus YUCICHHOCTH OaKTEPUOTUIAaHKTOHA U 00MIUs (PUTOIIAaHKTOHA C1a00
CBSI3aHBbI MEXY COOOU. A IOTOMY CUHXPOHHOCHIL MENCOY KONEOAHUAMU YUCTIEHHOCMU
OaKmepuonIaHKmoHa U apuayusmMy memnepamypuvl He pacnpoCcmpaHsiemcs Ha KoieOaHusl
0oUNUsL PUMONIAHKMOHA.

OnHaKo B 3BTPOGHBIX BOJOEMaX (KaKUM SIBISIETCS 03. baTOpHHO) KOHTPOJIb CO CTOPOHBI
300IJIAHKTOHA CYIIECTBEHHO ociiabeBaeT (Perissinotto, 1992). B pesynbrare xonebanus oounus
pumoniankmona u 6AKMeEPUONIAHKIMOHA MOZYM CUHXPOHU308AMbCS C 8APUAYUAMU
memnepamypeoi.

Gulati, R.D. (1990) Structural and grazing responses of zooplankton community to biomanipulation of some Dutch water
bodies. Hydrobiologia 200/201, 99-118.

Gurung, T.B., Nakanishi, M., Urabe, J. (2000) Seasonal and vertical difference in negative and positive effects of grazers
on heterotrophic bacteria in Lake Biwa. Limnology and Oceanography 45, 1689-1696.

Perissinotto, R. (1992) Mesozooplankton size-selectivity and grazing impact on the phytoplankton community of the Prince
Edward Archipelago (Southern Ocean). Marine Ecology Progress Series 79, 243-258.



#2 KOHTPOJIb CO CTOPOHbBI BUOTI'EHHBIX JIEMEHTOB

JluHamuka OaKTEpHO- U (PUTOIUIAHKTOHA B 3HAYUTEILHOM MEpPE ONPEACIACTCS KOHIICHTPALIMSIMU
pacTBOPEHHBIX B Bojie OnoreHunix yieMenToB (Vrede, K., Vrede, T., Isaksson, A. et al., 1999) u,
B YACTHOCTH, OT OTHOIIeHUs KoHueHTpauii N/P. Beicokue uau nuskue 3naucuus N/P
COOTBETCTBYIOT CONPSKEHHOCTH MJIH, COOTBETCTBEHHO, OTCYTCTBHIO CONPSHKEHHOCTH MEXKTY
KojieOanussMu OakTepro- U ¢purortankrona (Le et al., 1994).

Takoe conpspkeHHe XapakTepHo 11 03. baropuno, riue (1o manasiM MoauTOopuHTa) N/P Golee
yeM B 5 pas npessiinaeT N/P B 03. Hapous u 6onee uem B 20 pa3 — B 03. MscTpo. DTO MOXKET
00yCJIOBIMBATh CONPsDKEHUE KoieOaHui oOmius GUTOIIaHKTOHA U OAKTEPUOIIJIAHKTOHA B 03.
baTroprHO U OTCYTCTBUE TAKOTO COMPSKEHUA B B 03 MsACTpo U B 03 Hapous.

B pe3ynomame napyuwiaemcs cunxporuzayusi KoiebaHui oumoniaukmoHna ¢ Koaieoanusamu
memnepamypul 8 omux ozépax. Oounaxo npu smom 6 03 bamopumno xonebanus oounus
Gumonniankmona u OAKmepuUoOnIAHKMOHA CUHXPOHUZYIOMCS Opye C OPY2OM, A C1e008AMENLHO, -
U Cc sapuayusmu memnepamypai.

Le, J., Wehr, J.D., Campbell, L. (1994) Uncoupling of bacterioplankton and phytoplankton
production in fresh waters is affected by inorganic nutrient limitation. Applied and
Environmental Microbiology 60, 2086-2093.

Vrede, K., Vrede, T., Isaksson, A. et al. (1999) Effects of nutrients (phosphorous, nitrogen, and
carbon) and zooplankton on bacterioplankton and phytoplankton - a seasonal study. Limnology
and Oceanography 44, 1616-1624.
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BO BJIMSIHUM TEMITEPATYPbI oy, S

: ; HA KOJIEBAHUS OBUJIN A g g
n I n GUTOIIJIAHKTOHA U BAKTEPUOITJTAHKTOHA? © l

BAKTEPUOIIJIAHKTOH OUTOIIVIAHKTOH

Temneparypa siBjsercsa (paKTOPOM, CYIECTBEHHO
BJUSIOIIMM HA JUHAMUKY 0AKTEPUOIVIAHKTOHA. OIHAKO
BJIMSITHUE TeMIIEPATYPbl HA IMHAMHUKY (PUTOMIAHKTOHA

He ABJACTCH NPAMBbIM, a 00yCJI0BJICHO HAJUYUECM UJIU
OTCYTCTBHEM CONMPSIKEHUS MEKIAY KOJeOaHUAMM 00UIUSA
OAKTEePHOIUIAHKTOHA U (PUTOIJIAHKTOHA.

Medvinsky A.B., Adamovich B.V., Aliev R.R., Chakraborty A., Lukyanova E.V., Mikheyeva
T.M., Nikitina L.V., Nurieva N.I., Rusakov A.V., Zhukova T.V. (2017) Temperature as a factor

affecting fluctuations and predictability of the abundance of lake bacterioplankton. Ecological
Complexity. V. 32. P. 90-98.



Jloist peasu3anuu HeJOCTHOTO B3IVISAa HA HCCJIENYEMYIO IKOCUCTEMY

He00X0IMMa KOOPAUHALIUA padoThI Hccaea0BaTeIeid,
MPOBOASIIIMMM I10JI€EBbI€ U3MEPEHNsA, U TEMH UCCJIeI0BATEISIMH,
KOTOpPbIE MPOBOAUT TEOPETHYECKHE UCCJIETOBAHMS
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