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Effects of branching spatial structure and life history on the
asymptotic growth rate of a population

EmmaE. Goldberg - Heather J. Lynch - Michael
G. Neubert - William F. Fagan

Received: September 8, 2010

Abstract The dendritic structure of a river network creates direg@iadispersal and a hi-
erarchical arrangement of habitats. These two featuresihgsortant consequences for the
ecological dynamics of species living within the networle #pply matrix population mod-
els to a stage-structured population in a network of hapa&thes connected in a dendritic
arrangement. By considering a range of life histories asgeisal patterns, both constant
in time and seasonal, we illustrate how spatial structurectional dispersal, survival, and
reproduction interact to determine population growth gatd distribution. We investigate
the sensitivity of the asymptotic growth rate to the demphia parameters of the model,
the system size, and the connections between the patchibeugh some general patterns
emerge, we find that a species’ mode of reproduction and mdigl&re quite important in its
response to changes in its life history parameters or infiaéa structure. The framework
we use here can be customized to incorporate a wide rangeraigtaphic and dispersal
scenarios.

Keywords metapopulation dispersal bias spatial ecology eigenvector analysis

1 Introduction

The spatial structure of available habitat can have enosniafluences on the success of
populations living within a landscape. Fragmentation dreddonnections between patches
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are key aspects of that spatial structure. River systembesgigwed as a landscape in which
a set of patches forms a “dendritic” structure, which is rged in an explicitly spatial
manner that is neither linear nor fully two-dimensional §tlas et al, 2000; Fagan, 2002;
Lowe, 2002; Grant et al, 2007; Muneepeerakul et al, 2007bphae et al, 2008; Fagan
et al, 2009).

The defining feature of a dendritic network is its hierarahiranching structure. In river
networks, the branching structure arises from the confleen€ streams running downhill:
looking upstream, a large branch can split into smallerdines, which can each themselves
split. An overall sketch of a watershed therefore has alitkeeshape, with many more
small branches than large ones. (Reticulate patterns aneever, also possible in a river
system if the local topography is such that a stream splidsizen merges.) The directional
flow of water in the river network means that for any two pagctieat are connected, one
is downstream from the other. Individuals are thereforeljiko move differently in the
two directions, though the means and speed by which they if@oge active swimming or
passive drift) may change with season, location, and ldgest

Previous work has incorporated both hierarchical brargchimd biased dispersal in in-
vestigating the effects of river network structures on thpuations within them. Particular
foci include the effect of dendritic structure on the timetal probability of extinction (Fa-
gan, 2002; Lowe, 2002; Labonne et al, 2008; Fagan et al, 2@89pcted fragment sizes
(Fagan, 2002; Labonne et al, 2008), asymptotic populatiowity rates (Charles et al, 1998,
2000), independence of patches (Schick and Lindley, 2@@fetic distance between pop-
ulations (Labonne et al, 2008), and community compositidduar{(eepeerakul et al, 2007a,b,
2008). Several of these studies have considered the efieelterations to the branching
structure, in the form of disrupted connections or out-efwork dispersal (Charles et al,
1998, 2000; Fagan, 2002; Fagan et al, 2009). Nearly all sfwhlirk has been carried out
in metapopulation frameworks that use varying degrees pli@xspatial structure. Grant
et al (2007) provide a more detailed review of studies on timogjical effects of dendritic
networks.

Metapopulation models have also been used in the contextesf metworks without
explicitly considering the branching structure (e.g., Bam and Rieman, 1999; Gotelli and
Taylor, 1999; Hill et al, 2002; Koizumi and Maekawa, 2004heTevolution and conse-
guences of diadromy, or migration between fresh and saéirsadire common applications,
notably in salmon (Rieman and Dunham, 2000; Schtickzelieuinn, 2007) (and see also
Schick and Lindley 2007, who use graph theory). In these fsptieanches suitable for
spawning (typically upstream) are the patches, and otlgensets of the river are not incor-
porated in the model. Dispersal therefore means repragfubly an individual in a branch
other than that in which it was born. The metapopulation tingkides the dendritic as-
pect of the river network only implicitly (but see Schick anddley 2007, where dispersal
probabilities are tied to distance travelled).

Biased or asymmetric dispersal has also been consideredidendritic systems. Meta-
population models have been applied to examine the effécaah dispersal on commu-
nity composition, spatial synchrony, total populatioresiand population persistence (e.qg.,
Levine, 2003; Roy et al, 2005; Vuilleumier and Possingha®0&). Models of advection and
diffusion have been used to investigate how populationgeasist and spread in the pres-
ence of unidirectional currents, incorporating patch sizgiability in flow, environmental
disturbances, behavior of individuals, and competitiag.(6Speirs and Gurney, 2001; An-
derson et al, 2005; Pachepsky et al, 2005; Lutscher et af)200

Here, we use the established dendritic metapopulatioroapprto examine the effects
of branching spatial structure and life history on the asiytip growth rate of a resident
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population. We cover a range of system sizes, and also treeqaences of random changes
to the dendritic structure. We consider several life hisgtrategies, defined in the context of
hierarchical branching structure with asymmetric dispefglatrix methods allow numeric
computation of the long-term growth rate and sensitiviteesnodel parameters. We find
that system size and shape, in conjunction with the dembgrapd dispersal patterns of
the population, can have substantial effects on the pdpualaigrowth rate and hence on its
ability to persist.

2 Methods
2.1 Matrix framework

In the dendritic metapopulation, we let each patch reptesaegment of the river system
(Fig. 1a; rather than a confluence, Grant et al (2007)). Torpparate stage-structure, we use
the matrix formulation of Hunter and Caswell (2005), ddsed in more detail in Sect. 2.1.1.
Briefly, the state of the population is described by a vectoiwhose elements are the abun-
dances of each life stage in each habitat patch. A propagatatrix, A, summarizes the
changes in the system over one time step,n@+ 1) = An(t).

The size of the propagation matrix is the product of the nunolhspatial patches and
the number of life stages. Separate, smaller matrices camitben for dispersal for each life
stage, and for survival and reproduction for each spatiahpand then combined (described
in Sect. 2.1.1). The aggregation technique employed byl&hat al (1998, 2000) is based
on a similar matrix structure, but it uses two very differeémte scales such that survival and
reproduction are assumed to apply to distributions at dxjisim under dispersal.

We begin by considering the “fork” geometry. The river segtseare arranged into
levels, determined by the number of confluences separdterg from the outlet. We focus
on a symmetrically bifurcating structure (Fig. 1a), Is¢evels corresponds tBR = 2- — 1
segments. We assume that the properties of a branch arendetdrentirely by its level
in the hierarchical structure, which is reasonable to therdxthat segments at the same
distance upstream have similar physical attributes (elgvation, gradient, volumetric flow
rate, length). Real rivers can of course be much more idiosgic, but these assumptions
capture the essential aspects of a dendritic structureligtaiguish it from a linear or lattice
arrangement. Although we describe our methods in the copofethe fork structure, this
approach works for any network of patches, and we later thlafork assumptions.

We model two life stages, juveniles and adults (Fig. 1b)sTdiiows incorporation of
basic biological differences in dispersal abilities aneferences between, say, tadpoles and
adult frogs, or hatchlings and mature fish. We consider séViée history scenarios, de-
scribed in Sect. 2.2.1.

For patches in level over one time unit, fecundity for each adult fis(this quantity
contains the number of eggs and the probability of each magghjuveniles survive with
probability gi or mature with probabilityp;, and adult survival is with probabilityg. Dis-

persal for life stagé is at ratesjl(k> downstream from a segment in Ie\llelndufk) upstream
to a segment in levél allowable dispersal paths are shown in Fig. 1c,d. For sqeeiss,
dispersal out either end of the system may be possible rigefitished out of the outlet,
or wandering out of headwater tributaries), often leadinge¢ath. We look at only the ef-
fects of loss out of the lowest level of the system, at défé there is no dispersal in from

the outlet,ug‘) = 0. (This is similar in spirit to the boundary conditions useadvection-
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diffusion models of the drift paradox (e.g., Speirs and @yrr2001). See Muneepeerakul
et al (2007b) for a different approach to handling dispdrssd from the system.)

Notation follows Hunter and Caswell (2005) to the extentsige. Numbering of the
segments, the levels, and the matrix elements starts with 0.

2.1.1 Projection matrices

Let M be the dispersal matrix for stageL et nrﬂ() be the matrix element that corresponds
to the probability of dispersal from segmerto segment in a single time unit for life stage
k. The segments are numbered from downstream to upstreammows i Fig. 1a. For the
bifurcating fork geometry witt. levels, the elements ol are

1-g -2, ifi=jandi(i)<L-1
1-q) ifi=jandl(i)=L—1
m = d fo<i<2-1_1andj=2i+lorj=2+2 (1)
ufﬁ) if0<j<2--1—1, andi =2j+1ori=2j+2
0 otherwise

wherel(s) = |log,(s+1)] is the level to which segmestbelongs (.| denotes the floor

function). As an example, for a river system with three Isvald hence seven segments, the

dispersal matrix for stageis

1-d{—2u  al d 0 0 0 0
N P R d a0 o
ie o  1-d¥-2¥ o o ¥ d¥
M= 0 uyd 0 1-d¥ o 0 0
0 uyd 0 0 1-d¥ o 0
0 0 uyd 0 o 1-d¥ o
0 0 uy? 0 0 0 1-d¥
(2)
The full dispersal matrix is block diagonal, with one bloak fach life stagek(= 0 for

juveniles, andk = 1 for adults):
(Mg O
M_<OMJ. 3)

For two life stages, the demographic matrix for a segmeravall is

%~ (5a) @

The full demographic matri® has the block®, on the diagonal (one block per segment)
and 0O elsewhere, i.e.,
B

o

000..
Bi 0 O ..
0B1 0 ... 5)
0 0B;...

0
0

[y

0
B—| O
0
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Note that when all segments within a level have identicapprties, one matrix ele-
ment per level is sufficient provided that dispersal ratesmaultiplied by the appropriate
number of source segments. We do not use such level-basedesadtere because the fork
degradation procedure (described in Sect. 2.2.2) reqimddsdual treatment of segments.

Ordering the system by segment and having demography aweldiEpersal, the overall
population projection matrix is

A=P"MPB (6)

(see Hunter and Caswell (2005), Table Pds the vec-permutation matrix that transforms
the matrix organization from by-patch to by-stage). Thewgstptic growth rate for the pop-
ulation, A, is the dominant eigenvalue &f.

The above framework can be easily expanded to incorporaiedietemporal variation
in demography and dispersal. For example, ignore yeae#w-yariation but suppose that
behavior during the year can be broken iMtdiscrete phases, each expressed with dispersal
and demographic matricédy andBy, y=1,2...Y. The projection matrix for each phase is
Ay =PTM, PBy, and so the annual projection matrix is

A=AyAy_1...AA;. @)

2.1.2 Sensitivities

The sensitivity matrix oA\, Sa, is obtained from its dominant eigenvectors (e.g., Hurmter a
Caswell, 2005, Eq. 12). The elements of this matrix@ig' da;;. What we want, however,
is the sensitivity of the asymptotic growth rate to the dispband demographic parameters.
For the projection matridA in Eq. 6, the sensitivity of the asymptotic growth rate
to the elements of the dispersal mathikis Sy; = PSaBTPT (Hunter and Caswell (2005),
Table 1a). BrealSy; into four R x R blocks, and call the two diagonal bIocEéZ); their

elements aréA /drrﬂ‘).

To obtain the sensitivity of the growth rate to the parammé'?) and u,(k>, apply the
chain rule:

®)
oA or om'

0 =2 @ (8)
0d| 1] (9”}1 dd|

(K
7)) ar omy

=2 5 <i> ©)
oy, 7 omy;’ oy,

The second factor in each term is the derivative of an elenmeM with respect to the
parameter of interest. Looking 3, we see thaﬁm(}‘)/ddl(k) = 0 unless segmeritis in

levell, andan}(}o/&ufk) = 0 unless segmerjtis in levell — 1. Moreover, the symmetry of

the system means th§it(dA /drr\(}())(dm(}q/ddl(k)) (and likewise fow) is the same for each
segment in levell. Levell has 2 segments, the first of which has index-21. Inspection
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of My or nﬂ() (Eq. 1) yields
A

LI AL (10)
5a® Y[ oA oA
| 2 SRR forO<I <L
om,,  Omgs
wheres=2' — 1 ands = (s—1)/2
%:2‘ ‘”:k)fﬂ(k) forO<l<L-1 (11)
oy, omy, dms

wheres=2'"1 1 and¢ = 2s+ 1.

So there are two components to the sensitivity of leveli§ipedispersal rates. One is
the number of segments in each level, which always increaghdevel. The other is the
sensitivity within each segment (which is the same for ahsents within a level, under the
symmetry of the system we are using). If segment sensitindyeases with level, then the
asymptotic growth rate is always more sensitive to dispéisaither upstream or down-
stream directions) happening further upstream. But if ssgnsensitivity decreases with
level, then further details must be considered to determimere the greatest sensitivity to
dispersal lies.

The sensitivity of the asymptotic growth rateo the elements of the demography matrix
B is S = PTMTPS, (Hunter and Caswell (2005), Table 1a). Bregkinto 2 x 2 blocks,
and call the diagonal on%f); their elements aréA /dbf?, wherebff) are the elements of
Bi(s.

( )Again applying the chain rule and summing sensitivities @lessegments within a level,
we have (withs=2'"1—1):

or [ oA or [ oA
22 o 2 A, 1 (S
%9 \obg of - \obg

12)
or [ ox or [ o
AAR o [ e fn
op b dq bl

The sensitivity to each parameter is again determined bydhgber of segments in the
level and the sensitivity within each segment, and hencédaeither increase or decrease
with level.

In the case of periodic variations (Eq. 7), the sensitivity do the entries oMy andBy
can be obtained by application of Hunter and Caswell (20@p)1R2-15 and the logic just
outlined. We do not show the details here.

2.2 Scenarios considered

The matrix-based framework described in Sect. 2.1 is quétdldle and can handle many
combinations of patch-based and stage-based assumplionsdispersal and life history,
and also sets of rates that change periodically with timeeHee restrict our analysis to
a few generalized scenarios. We consider life historiesdbmbine constant dispersal or
seasonal migration with upstream or downstream breedibgshdn addition to the fork
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structure described in Fig. 1 and Sect. 2.1, we also conpielturbations of the dispersal
pathways.

2.2.1 Life history

We concentrate on populations in which individuals remaithiw the river system, rather
than spending a portion of their life in the ocean or undergaiverland migrations to ter-
restrial areas. Such species, which include some fish, ilesrpinvertebrates, and plants,
encompass a wide range of life history strategies. Depgratinthe species and life stage,
individuals may disperse passively with the currents (@mpagules of riparian plants, lar-
vae of some invertebrates) or actively with or against theetus (e.g., fish and amphibians).

We choose life histories in the context of the branchingrkfa@eometry (Fig. 1) so
values of any parameter are the same for all segments in a igivel, and some quantities
change continuously with level. We cannot possibly considlecombinations of dispersal,
survival, and reproduction, but we choose six generalizedarios that capture distinct life
history modes.

The first three scenarios we use here take all processes toniséant over time and
allow reproduction in all levels of the system. This constates framework is appropriate
for species without strongly seasonal behavior, such asmigratory species that reproduce
wherever they happen to be. Many stream invertebratey lig#lin this realm, as they have
been found both to drift downstream and to swim upstrearrutitrout the year (Williams
and Williams, 1993; Elliott, 2003). These scenarios mag bk adequate for non-migratory
freshwater fish, and potentially for plants whose propagdidt downstream and are carried
upstream by animals that remain in the stream corridors. cBmstant-rates method can
also be applied whenever the net annual effects can belglipated into a single yearly
propagation matrix. Within this framework, the suitalyilitf breeding habitat may vary with
level, e.g., tied to flow rate, depth, substrate, or resoawedability. If the resources and
physical conditions necessary for reproduction are dpaseparated from those needed for
maturation, adults and juveniles may be expected to digperspposite directions.

The C scenarios: constant rates throughout the year.

C-all: Equal reproduction in all levels. Reproductive potential is equal in all levels: per-
capita fecundity is independent of level. Upstream disgéassthe same for adults and
juveniles, as is downstream dispersal. Downstream diapersomewhat more rapid
than upstream dispersal.

C-up: More reproduction upstream. Reproduction is biased towards upstream areas: fe-
cundity increases linearly with level. Juveniles dispersge rapidly downstream, and
adults disperse more rapidly upstream.

C-down: More reproduction downstream. Reproduction is biased towards downstream ar-
eas: fecundity decreases linearly with level. Juvenilspatise more rapidly upstream,
and adults disperse more rapidly downstream.

In each of these cases, we hold each of juvenile maturagipraflult survival §), juve-
nile upstream dispersal©)), juvenile downstream dispersal®), adult upstream dispersal
(u®), and adult downstream dispersdl’{) constant across the system. The downstream
dispersal parameters also apply to loss from the outlet. #ditianally setg = 0 so that
juveniles die if they do not mature after a single time unig,. .eone year. Fo€-up andC-
down, fecundity varies linearly with level, from O thax. Because the number of segments
increases with level, per capita fecundity averaged ovesegiments increases with system
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size forC-up and decreases with system size @down. The actual amount of reproduc-
tion, however, will depend on the abundance at each levehnReter values used for the
results in Sect. 3 are shown in Table 1.

The second set of life histories we consider is more appagpifor species showing
seasonal differences in dispersal and reproduction. fuash fish with well-defined migra-
tion routes (potamodromous species or populations) spadeateaxonomic range and show
great variety of movement patterns (McKeown, 1984). Lilsmyiamphibians may move
along stream courses to avoid high temperatures or fregiirggek better food or shelter,
and to return to the same breeding sites year after year¢Rasal, 2005). Spawning migra-
tions (generally upstream, but occasionally downstredimyvaeggs to be laid in segments
with lower predation and more appropriate food supplies\peratures, and oxygenation
for juveniles (McKeown, 1984). These areas may not be deitin breeding year-round,
and they may not have sufficient food or cover for adults. Bisal outside of the spawning
season allows individuals to reach habitats far from thedeting locations. In both fish and
amphibians, adults and juveniles may migrate at differemés (McKeown, 1984; Russell
et al, 2005). We divide the year into four categories of béraand apply each of those
seasonal matrices three times successively to create aalgrjection matrix (Eq. 7, with
Y =12).

The Sscenarios: seasonal rate variation.

Sall: Equal reproduction in all levels. Per-capita fecundity is the same in all levels, but
breeding only occurs in one season. Upstream dispersa &atine for adults and juve-
niles, as is downstream dispersal. Downstream dispersanigewhat more rapid than
upstream dispersal.

Sup: Upstream breeders. Adults swim upstream in the breeding season (season 1) and th
period preceding it (season 4); they swim downstream inogsa® and 3. Juveniles
move only downstream, slowly when they are very small (sed3and more rapidly
when they are larger. Juveniles mature in seasons 3 and dndfigcis nonzero only in
the highest level in season 1.

S-down: Downstream breeders. Adults swim downstream in the breeding season (season 1)
and the period preceding it (season 4); they swim upstreamasons 2 and 3. Juveniles
move primarily upstream, but with a little downstream difiveniles mature in seasons
3 and 4. Fecundity is nonzero only in the lowest level in sedso

For Sup and S-down, juvenile survival in the breeding season is greatest rfeafa-
vorable breeding segments. Other parameter constraitiitnveiach season are as for the
C's, and values are given in TableRup bears a resemblance to anadromy (&mbwn to
catadromy), but it allows adults to survive after reprodgcand potentially live for many
breeding seasons; additionally, juveniles mature in orze,yand individuals do not leave
freshwater.

TheC-all scenario is like a less-detailed representatiogall, except for the difference
in dispersal potential: individuals can disperse up to vedimes as far per year i&all.
The C-up andS-up scenarios (and also tli&down andS-down scenarios) differ in dispersal
potential as well, and also in the level-dependence of jilwenrvival and fecundity.

These six scenarios were chosen to allow comparisons ofsenee of various life
history strategies. Although they do not mimic any speciecty, examples of species
that are approximated by the above assumptions may be oéstt¢For many of the ver-
tebrate species, one could include additional life stagestount for the variable number
of years for juvenile maturation.) TH&up scenario applies to many potamodromous fish,
including kokanee salmon (Burgner, 1991), Colorado pikerow (Minckley and Marsh,
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2009), razorback sucker (Minckley and Marsh, 2009), Muragt (Humphries, 2005), sil-
ver and golden perch (Reynolds, 1983), and the brook lami/eytland, 2003). The&s
down scenario is less common, but it would be appropriate for ssondpin (Goto, 1986)
and a flannel-mouthed characin (Planquette et al (1996giradat via Froese and Pauly
(2000)). Considering the lowest level to be an estuary waouoddke it applicable to many
more speciesS-all would be appropriate for many non-migratory freshwater fissea-
sonal environments, and also map turtles (Pluto and B&Ki88). TheC scenarios apply
most directly to species, often tropical, that reprodu@saasnally, but even species breed-
ing once per year can be reasonably approximated with aesargiual transition matrix if
dispersal is not coordinated to change direction with seaBloeC-all scenario could apply
to some rainbowfish (Pusey et al, 2001), guppies (Reznick 4983), freshwater snails
(Schneider and Lyons, 1993), and painted turtles (MacChlind Secoy, 1983). Many in-
vertebrates (mayflies, copepods, ostracods, springésiliams and Williams 1993; Bilton
et al 2001) may have dispersal patterns approximathup, though reproduction is proba-
bly not limited to the uppermost segments of the river system

2.2.2 Geometry

The bifurcating “fork” geometry (Fig. 1a) can be generalize any number of levels. To
look at the effects of system size on population growth rateconsider between two and
eight levels, corresponding to systems with 3 to 255 segsnent

To assess the effect of the branching structure itself, \eeandterative process to “de-
grade” the fork structure (Fig. 2). Beginning with the farklispersal connections, we ran-
domly remove one of the existing dispersal pathways andigrast to a connection that
did not previously exist (i.e., to a zero in the dispersalrirgtA is then recalculated for
this new geometry. From this new configuration, anotheredisg pathway is then chosen
and reassigned, and so on, gradually washing out the ofilgifastructure. An exception
to random changes in dispersal connections is for leveb@y fvhich downstream dispersal
out of the system always occurs. Additionally, the sum ofledpersal probabilities out of a
segment cannot exceed one, and the system cannot be dintdembimpletely disconnected
parts (i.e., the dispersal matrix must remain irreducitl)connections excepiék) remain
two-way—each pair of patches connected one Watyl(@yis connected in the other direction

by u,(k). Through all these processes, the segments retain thatitids, including survival
and fecundity rates.

After each step of degradation, we count the number of cdiamecby which the cur-
rent geometry differs from the original fork, i.e., half thember of elements by which the
two dispersal matrices differ, considering only a sindle $tage and disregarding diagonal
elements. The number of differing connections may be lesms the number of degrading
steps taken if a step happens to restore a fork-like cororediinough replicates of the se-
guential degradation procedure were performed to obtaihsbinples at each number of
connection differences from two to twenty.

Repositioning a connection corresponds physically toiptaa dam or other barrier
between two previously-connected segments and simultsheplacing a canal or other
watercourse (or removing an existing dam) between two pusly-unconnected segments.
Anthropogenic changes in connectivity between segments/ef systems are not con-
strained to be so symmetric, but our intent with this degiiadgprocess is to isolate the
effects of the branching structure itself while contralifor system size and the total poten-
tial for dispersal, mortality, and reproduction. This idga@egrading or “rewiring” a heavily
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structured arrangement of dispersal pathways was used tgnd@and Hastings (2008) in
the context of predator-prey dynamics, and it has beenegpixtensively in the study of
“small world” networks (Watts, 1998).

3 Results
3.1 Fork

First, we consider the effect of system size and fecunditdispersal on the asymptotic
growth rate A, for the fork geometry alone (Fig. 3). Sensitivities arevshaon Table 2, but
they can also be visualized with the plots. Elasticitiedess visually apparent but are easily
computed from the sensitivities.

For most of the life histories\ increases with system size because proportionally fewer
individuals are in the lowest level, where they can be losinfithe system. (Without loss
from the outlet, smaller systems have equal or greater groates than larger ones because
proportionally more of the segments have high fecundityuits not shown)). The exception
is for S-down, in which there is a trade-off between upstream safety fitogroutlet and not
being able to reproduce outside the lowest level. For &lHiktories, the population growth
rate asymptotes quickly with system size because largézrsgshave proportionally fewer
individuals in downstream segments. The rate of changdewith system size is greater for
theS s than theC’'s because there are more reproductive episodes (threett@hene) and
dispersal opportunities (twelve rather than one) per yaattieS's.

Fig. 3a-c shows the effects oh of system size and fecundity. Unsurprisingly,is
always larger for largeff. For C-all and S-all, the change im for a given change irf
is larger for larger values of, but the proportional change i (the elasticity ofA with
respect tof) does not change with the size of the system because all s¢ginave the
same fecundity. Fo€-up and C-down, A is very slightly more elastic with respect foin
larger systems because fecundity changes more slowly evigh. [ForS-up andS-down, A is
less elastic with respect tbin larger systems because more segments have zero fecundity

Fig. 3d-f shows the effects ohof system size and dispersal magnitude. The growth rate
is always larger for scenarios with less dispersal becawere is less loss from the outlet.
This effect is diminished in larger systems (except $adown) because more individuals
disperse to and breed in segments farther from level 0,way &rom where loss from the
outlet occurs. The trade-off between loss from the outlel lareeding only in the lowest
level is evident foiS-down with high dispersal, but for low dispersal, not going famfr¢the
breeding level is more important.

In small systems, increases Aocan come through changes to fecundity, survival, or
dispersal. In large systems, changes to dispersal genéeale much smaller effects on
because the distances between substantially-differéch@sare greater. If dispersal occurs
over larger distances than just nearest neighbors as hispershl is more likely to remain
important in larger systems. Fig. 3 also shows that whenthéirgparameters are fixed, the
growth rate is greater for upstream than downstream breetleis is because there are more
segments of higher fecundity when fecundity increases heitél.

The combined effects of fecundity and dispersalloare illustrated in Fig. 4. FoC-
all, S-all, C-up, andS-up, when adult upstream dispersal is small, increasing ieases\ .

For C-down and particularlys-down, the trade-off between upstream safety and downstream
breeding is apparent, since increasing upstream disperahcreased when fecundity is
low. Changing fecundity clearly has a much larger effecAahan changing dispersal. For
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Sup, however, increasing fecundity has little effect drunless there is enough upstream
dispersal for individuals to take advantage of the upstreerading sites. Th8 s are more
sensitive to fecundity than th€'s are because reproduction occurs during three months,
rather than once per year. This is particularly evidentSatl and S-up, for which many
segments contribute to population growth.

Table 2 shows the equilibrium proportions of abundance hadeénsitivities for a five-
level system with constant annual rates. Abundance forewslll is the sum of the abun-
dances of the '2segments within that level. Despite the downstream digpéias, abun-
dances are higher in upstream levels ur@eil because of loss from the outlet below level
0. UnderC-up, juveniles are most abundant in the most productive uppgriaeel; adults
are slightly more abundant in the level below that becausg/meveniles disperse one level
downstream before maturing. Underdown, despite fecundity being greatest in the lower-
most level, abundances are greater in level 1 because dirtwedevel 0 and the ability of
juveniles to swim upstream. In generaljs more sensitive to each process when it occurs
in levels where the species is more abundant. Downstregmerdil only increases when
it moves individuals into levels with higher fecunditgt{’ for | > 1 underC-down), and
upstream dispersal only decreag2eshen it moves individuals into levels with lower fecun-
dity (u® for I > 1 underC-down). Growth rate is more sensitive to dispersal @down
thanC-up, and it is more sensitive to fecundity and survival @uop thanC-down.

Eigenvectors for the seasonal life histories are showngn i The distribution of in-
dividuals within the system varies over the course of the,ymat equilibrium proportions
exist for each month. Sinc@all has constant dispersal throughout the year, changes within
the year effectively consist simply of juveniles maturilmgadults. Abundances are higher
at the higher levels because of reduced probability of loss: fthe outlet. FoiS-up and
S-down, juvenile maturation is also evident, as is seasonal digph@f both juveniles and
adults. In all cases, there are no juveniles in the fourtls@edecause those that do not
mature die.

3.2 Degraded fork

To assess the effect on asymptotic growth rate of disruptiorthe dendritic structure, we
“degraded” the fork geometry (Fig. 2). Stepping away fromahiginal fork structure by re-
peatedly repositioning dispersal connections, we fouatldtien a small number of changes
(due to, say, flooding or diverting a channel or sustained@ttansplanting) can cause sub-
stantial changes in (Fig. 6). The expected magnitude and direction of this ¢ffes well
as its sensitivity to the particular spatial arrangemespsihds markedly on system size and
life history.

Because there are more upstream than downstream segrherasgetage effect of de-
grading the fork structure is to enhance the connectionsx\grapstream segments and cor-
respondingly decrease the connections of downstream segnseibject to the constraint
that no subgroup of segments becomes isolated. This effesds pronounced in larger sys-
tems, where the connectivity rearrangements are morg likedccur among the numerous,
equivalent upstream segments. This geometric result afadety the branching structure
has different consequences for the different life historie

For species that breed in all segments, reducing connigctivih the lower segments
reduces loss through the outlet for upstream segmentghthéncreasing. This is only
slightly apparent foCC-all, where changing the spatial structure of the system hadittey
effect on the population growth rate (Fig. 6a-c). Segmantlilevels are identical except
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for their distance from the outlet, but even that mattetkelivhen the dispersal distance is
as most one level per generation and reproduction occurgwelere. ForS-all, A is sub-
stantially more sensitive to changes in connectivity (Bidf) because of the opportunities
for more likely and more distant dispersal within a generati

For species that breed mostly upstream, reducing conitgatiith the lower segments
would also be expected to reduce loss through the outletreondadsel . This is not evident
for C-up, however, (Fig. 6g-i) because few individuals are found amdstream segments
(see the equilibrium proportions in Table 2, for exampld)e TC-up life history is more
sensitive to changes in structure thasall because there is more variability among the seg-
ments in reproductive potential, though less so in largstesys where fecundity changes
more gradually with level. Th&up life history strongly shows the effect of reduced con-
nectivity with lower segments (Fig. 6j-I) because the dispemodes lead to substantial
abundance in the lower segments for at least part of the Yyégrg). Sup also shows the
most sensitivity ofA to changes in connectivity. There is not only the potentalricreased
and more distant dispersal, but also seasonal disperslasthe population’s distribution
changes throughout the course of the year (Fig. 5). Additignthe fecundity difference
between segments in high and low levels is sharpe®igy thanC-up. These factors create
more variation among the segments, leading to greaterbittyan the response o to
spatial structure.

For downstream breeders, reducing connectivity with theelosegments leads to a
trade-off between less loss through the outlet for upstreegments and less escape of ju-
veniles from the downstream breeding grounds to the safdregm areas. For ti&down
life history, there is not much net effect dnon average, but there is substantial variability
in the response of to particular spatial arrangements (Fig. 6m-o0). Bdown life history
shows a more consistent reductionAnwith degradation of the fork structure, likely be-
cause breeding is only in the lowest level and reduced esifgpeeniles is therefore more
detrimental. In this instance, loss of the branching stmectnakes the population likely to
decline deterministicallyX < 1).

Overall, we find that although the symmetrically bifurcatigpeometry is a very special
case in terms of connectivity, the asymptotic populaticondgh rate in a dendritic network
typically falls within the range of values possible amongadf otherwise-similar patches
with different connectivities. In general, is less sensitive to connectivity in larger systems
because the between-segment variance is less: the highkvilea large system have many
identical segments, making connection changes less likehave an effect. The variation
in A is generally much greater for the seasonal than the consttet life histories due to
differences in dispersal (tf&s have more total, distant, and varied dispersal over theseou
of a year) and among-patch variation in fecundity.

4 Discussion

We have demonstrated how matrix models can be applied te-stagctured life histories
within a network of patches forming a river system. This isaifile framework that can in-
corporate spatial and temporal variation in survival, fetity, and dispersal. We illustrated
a few representative life history scenarios, intended tbibkgically relevant without be-
ing excessively detailed or organism-specific, and foumad slgstem size, connectivity, and
demographic parameters can have quite variable effectsecestymptotic growth rate of the
population.
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For a symmetrically branching arrangement of habitat geiclve found that system
size can have a substantial effect on the asymptotic populgtowth rate. This is most pro-
nounced for life histories in which the number of segmenés slupport breeding increases
with system size (Fig. 3a-b, d-e), but it is also apparenhwitsingle breeding segment
(Fig. 3c, f). Under many circumstances, system size alonerzke the difference between
a deterministically viable populatiod (> 1) and a doomed ond (< 1).

An interesting feature of the downstream-breeder lifednisis that the segment furthest
downstream is both the best for reproduction and the mostregeted by loss out the outlet.
This trade-off can lead to population persistence for ontgrimediate values of upstream
dispersal (for moderate values of fecundity; Fig. 4): ttitelupstream dispersal yields heavy
loss out the outlet, and too much upstream dispersal allosugficient time in the breeding
grounds. An analogous result is obtained for downstreapedisl (results not shown).

By altering the connections in the heavily-structured diiochetwork, we found that,
for any of the life histories we considered, changes to thle $tructure can either increase
or decreas@ (Fig. 6). The largest decreases are generally larger tlalatbest increases,
but the median change over all randomly-adjusted georsedeeends on life history. We
conclude that even a small number of unplanned or poorlgsitigated alterations to con-
nectivity have the potential to change substantially a paimn’s asymptotic growth rate,
and the direction and magnitude of this change will not nemely be intuitively obvious.

We modeled disruptions to dendritic structure in a genedaomer, by adding or remov-
ing connections between segments. In natural river syst@misropogenic changes increas-
ingly affect connections within the network, for exampleoilgh building or tearing down
dams (Nilsson et al, 2005; Graf, 2001) or constructing esttencanals (Johnson, 1977;
Fairless, 2008). The hydrological and ecological effeétary such large-scale alteration
will be complex, but the general strategy of representiagdénsequences through the dis-
persal parameters in population-level models may neveghée useful when attempting
to quantify the impact of proposed or ongoing landscape g@bsin

The model we present here makes many simplifying assungptbiout the ecology
and environment of the species considered. Matrix populaind metapopulation models
can, however, incorporate a wide range of circumstanceh,asidemographic and environ-
mental stochasticity, density dependence, plasticitpptaral autocorrelation, community
dynamics, and species interactions (e.g., Caswell, 198&)dau and Caswell, 1999; Hill
et al, 2004; Roy et al, 2005; Smith et al, 2005; Vindenes e2@08), and such techniques
could certainly be applied within river network models sashours. Our focus on asymp-
totic behavior disregards transient effects, which maystubstantially different dynamics
(Hastings, 2004); these could, however, be investigatetlérsame framework simply by
tracking the population’s distribution over time. Thesed®ls do not include adaptation and
hence apply to ecological rather than evolutionary timéesca

Even with the many simplifications we make in the structur@af modeling frame-
work, it can easily be customized in a variety of ways to patér populations and river
systems of interest. Any spatial arrangement of patchesbeaaccommodated, and dis-
persal can additionally be made dependent on the distamte&é&n patches, as in many
metapopulation models (Hanski, 1994). The connectionsdsi patches could also change
deterministically through the course of the year due toasadrought or flooding (though
stochastic changes in patch connectivity (e.g., Fortuag 2006) would be somewhat trick-
ier to deal with). Periodic disturbances that affect cotimitg and productivity in the sys-
tem, such as decadal floods, could also be included. For eitimstant or variable connec-
tivity patterns, the dispersal probabilities could morpleitly incorporate the hydrological
features of the segments, such as elevation, volumetricrligsy or length. The life history
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of the species in question can be described in more detdiladititional life stages or sex-
specific differences in migration (common in amphibiandeast; Russell et al, 2005) with
only some additional bookkeeping. Our model framework duasexplicitly distinguish
between dispersal and migration, but migration can be septed by high dispersal rates
in one direction and little dispersal in the other directidihe upstream and downstream
dispersal rates might be expected to switch half a year fatemigration in the reverse
direction.

We considered here only species confined to freshwater. Gamsmof extending this
model to diadromous fish is to add one or more habitat patchiebd ocean, located below
level zero. Oceanic patches would likely have substantiifferent population dynamics
from the rest of the system. Such extensions could proveiLaef spatially explicit frame-
work for studying the combined consequences of freshwatanectivity changes, estuarine
habitat degradation, and oceanic temperature cyclescadirs that affect salmon population
dynamics (McClure et al, 2003).

In our life history scenarios, we emphasized loss of indiald from the lowest level.
We incorporated this by dispersal through an outlet and bthesystem, though similar
results are expected from high mortality in the lowest legalised by, for example, pollu-
tion in coastal cities (Mallin et al, 2000). Indeed, incoruing dispersal consequences into
survival probabilities is an established method for deglirith spatial structure implicitly
(Kareiva et al, 2000; Wilson, 2003). The same approach capidy to the portion of a river
network that is upstream from an inhospitable or impassafaa. In fact, any sharp change
in habitat can have a similar draining effect if species Busuited to the conditions beyond
the boundary. The spatial scale of the consequences otipallor other perturbations fur-
ther upstream could also be investigated in this contextiparison with other theoretical
treatments (e.g., Anderson et al, 2005) could prove intieges

Our work here has had a theoretical focus, but these matrdefa@re amenable to pa-
rameterization using field data when information on halgametry, demographic rates,
and dispersal probabilities are available. This seemslildl order, but in fact the necessary
mark-recapture methods have been shown to be feasibleréanstinvertebrates, amphib-
ians, and fish (e.g., Skalski and Gilliam, 2000; Elliott, 20Qowe, 2003; Perry et al, in
press). Once the essential details of a system have beepseittet@d, the consequences of
proposed modifications to connectivity, survival, or refrction can then be examined.
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(a) segments and levels (b) two life stages

level 2= {3,4,5, 6} & A & 4
level 1 = {1,2} 1\ /2 @ jl;cvgn(i)leg ngl} :@

level 0 = {0} 0.

mopy
€

Fig. 1 The fork geometry, with parameter definitions. Here, we assinaieat] segments within a level are

equivalent, so parameter values depend only on lewkpersal probabilitiedl(k) out of levell andufk) into
level | may differ between juvenilek( 0) and adultsK = 1). Survival and maturation rates for juveniles
and adults in levell areg;, p;, andg;, and the number of offspring per adult per breeding episodie is

(a) the fork (b) 1 step of degradation (c) 2 steps of degradation

pathway (a) was
added here m
this pathway is*s

chosen to move (a)

i
add (b) herd ... >5/movc next (c)

this pathway
will never move

Fig. 2 Fork degradation procedure. For each step in the sequemesjsiing dispersal pathway is removed
and placed between two previously-unconnected patcheh Bathway is two-way: the large arrowheads
indicate downstream dispersal and the small arrowheadsatedupstream dispersal. Two example reassign-
ments are shown in the upper panels. The lower panels showgpershl matrix for one life stage corre-
sponding to each configuration (compare with Eq. 2). Blaclasegirepresent non-zero elements, and white
squares represent zero elements. The shaded, diagonal eereeadjusted so that the sum of each column
is one (except the first, which sums t&:tj(()k)). Squares marked “a” show the first pathway reassignment,
squares marked “b” show the second, and squares marked “c” tsieoane that will be third. This graph-
ical matrix representation does not distinguish betweerufistream and downstream components of each
dispersal pathway, but the repositioned pathways aretedeandomly.
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Fig. 3 Effect of system size, fecundity (a-c), and dispersal (dff)asymptotic growth raté. Parameter
values are those in Table 1 for (a-c) except as noted in ttemtésg and for “full” dispersal in (d-f); for “half”
dispersal, all dispersal rates are reduced by 50%.
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Fig. 4 Population growth rate for five levels. Contour plots ilhase the combined effects of fecundity,
and adult upstream dispersai®, onA. Other parameter values are given in Table 1. The thick cotitees
markA = 1, to show the threshold between deterministic populatiowtr and decline.
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Fig. 5 Eigenvectors for the seasonal life histories, for parametires given in Table 1 and five levels. The

thick gray lines represent juveniles in each level, and tiiektblack lines represent adults in each level. The
length of each line shows the proportion of the populatiothet life stage and location at that time. The

abundances of all segments within the same level are summeddalighlay, as in Table 2.
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life history  months g p q f d® 4@  y@ Y@
C-all — 0 0.6 0.8 1.0 0.21 021 010 0.10
C-up — 0 0.6 0.8 0...2 030 0.01 0.01 0.30
C-down — 0 0.6 0.8 2...0 001 030 030 o0.01
Sall 1-3 g 0 q 1.0 0.21 0.21 0.10 0.10
Sall 46 q o q 0 021 021 010 0.10
sall 7-9 q/2 p2 0 02L 021 010 0.10
Sall 10-12 0 o q 0 0.21 0.21 0.10 0.10
Sup 1-3 005..005,g O ¢ 0..0,2 005 00l 00l 025
Sup 4-6 q 0o dq 0 050 050 001 0.01
Sup 7-9 q/2 P2 0 050 050 001 001
Sup 10-12 0 P q 0 050 0.01 0.01 0.25
Sdown 1-3 d,d,0.05...0.05 0 q 2,0...0 0.05 050 030 o0.01
S-down 4-6 g 0 q 0 0.05 0.01 030 0.25
Sdown  7-9 q/2 P2 q 0 005 00l 030 025
S-down 10-12 0 P q 0 0.05 050 030 0.01

Table 1 Parameter values used for the results presented here. lgusaniival isg, juvenile maturation
is p, adult survival isqg, fecundity is f, juvenile downstream dispersal #°, adult downstream dispersal
is d®, juvenile upstream dispersal i8?, and adult upstream dispersali€). The monthly survivals are
g =0.3Y12=0.905,p’ = 0.612 = 0.958,q = 0.8%/12 = 0.982. ForC-up andC-down, fecundity increases
or decreases (respectively) linearly with level. Baup and S-down in season 1, the highest or lowest one
(for f) or two (for g) levels differ from the others.

equilibrium proportions sensitivities

level juvenile adult p q f d© d® u®© u®
............................................ Crall o

4 0.118 0.151 0194 0.247 0116 -0.010 -0.028 0.020 0.054

3 0.113 0.144 0.170 0.216 0.102-0.019 —0.050 0.032 0.086

2 0.098 0.124 0.120 0.152 0.072-0.022 —0.059 0.032 0.086

1 0.072 0.092 0.062 0.079 0.037-0.019 -0.050 0.020 0.054

0 0.039 0.049 0.017 0.022 0.010-0.010 -0.028 — —
............................................ CrUP o

4 0.352 0.400 0559 0617 0233 -0.042 -0.180 0.007 0.098

3 0.184 0.480 0.260 0.064 0.023 —-0.010 -0.067 0.001 0.012

2 0.016 0.004 0.015 0.005 0.002-0.001 —0.005 0.000 0.001

1 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000

0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 — —
........................................... CrdOWN L

4 0.016 0.000 0.002 0.001 0.001 0.000 0.003-0.006 —0.034

3 0.056 0.032 0.031 0.021 0.006 0.005 0.036-0.061 —0.212

2 0.156 0.108 0.185 0.131 0.041 0.025 0.130-0.123 —0.396

1 0.214 0.182 0364 0310 0114 -0.061 -0.001 0.134 0.001

0 0.089 0.149 0.106 0.179 0.099-0.160 —0.295 — —

Table2 Example eigenvectors and sensitivities for the constarstie histories, for parameter values given
in Table 1 and five levels. All segments within a level are coredito yield the numbers shown. Within each
life history, the greatest absolute value for each paranie&rown in bold. Equilibrium proportions for the
seasonal life histories are shown in Fig. 5.
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