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Abstract. Metacommunity theory suggests that species diversity can depend upon the time since initia-
tion of community assembly, or habitat age, as the relative influence of regional and local structuring pro-
cesses changes over succession. There are, however, few studies that evaluate the role of habitat age in
structuring species richness (diversity–age) over large, fine-resolution age gradients of secondary succes-
sion in metacommunities. To test theoretical predictions of diversity–age relationships in metacommuni-
ties, zooplankton species richness and composition along a successional chronosequence in beaver (Castor
canadensis) ponds were evaluated. The age of ponds was determined using dendrochronology and histori-
cal photography, and ranged from 23 to 69 yr of age. A unimodal relationship between zooplankton spe-
cies richness and habitat age was observed among the successional ecosystems. This hump-shaped
relationship with community assembly time is congruent with theoretical predictions of species richness in
metacommunities and can be explained by the increasing importance of local, relative to regional, structur-
ing processes over successional trajectories. Observed patterns of diversity and composition responded to
age-mediated effects on the local pond environment; older ponds were deeper, had lower colored dis-
solved organic carbon, and were permanent. Additionally, there were weak but significant dispersal effects
on community composition across the region. The lack of consistent community composition by succes-
sional stage reflected variation from differences in pond nutrient availability and species dispersal. The
results indicate that regional and local age-dependent structuring mechanisms operate at each successional
stage on different local colonist pools and environments yielding communities that reflect succession in
their richness response. Consequently, secondary succession should be considered an influential driver of
species diversity across temporal and spatial scales in metacommunities.
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INTRODUCTION

Succession, the temporal change in species
composition following disturbance (Pickett and
McDonnell 1989, Tilman 1994), is one of the earli-
est foundational concepts of ecology and contin-
ues to be the focus of extensive study in
contemporary ecological research (Cowles 1899,
Meiners et al. 2015). Primary succession describes

de novo community assembly (e.g., after deglacia-
tion or a volcanic eruption; Walker and Del Moral
2003), while secondary succession occurs after
disturbance (e.g., fire, land conversion) disrupts
established communities and alters community
trajectories (Horn 1974). Contemporary land-
scapes are often regionally structured as a habitat
patch mosaic in different stages of secondary suc-
cession from local anthropogenic and natural
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disturbance (Prach and Walker 2011). Communi-
ties nested within these landscapes operate as
metacommunities as the local patches in different
successional stages are connected spatially by spe-
cies dispersal (Alexander et al. 2012). There are,
however, few studies in metacommunity ecology
that address the role of succession and the associ-
ated interplay of local and regional drivers on
assembly trajectories among local community
mosaics in secondary succession. Evaluating the
contribution of secondary succession to species
richness and composition in metacommunities
may greatly improve understanding of the rela-
tive importance of successional stage to commu-
nity assembly and diversity across temporal and
spatial scales.

Metacommunity theory suggests that the time
since initiation of community assembly, or succes-
sional stage, can influence local species richness
(Mouquet et al. 2003). Competitive metacommu-
nity models predict that the relationship between
local species richness and successional stage is
unimodal, where richness is maximized in early-
to mid-successional stages from regional forcing
(Mouquet et al. 2003). Early in succession, only a
subset of species from the regional pool colonizes
the community and local species richness is thus
low. As additional species colonize over time,
richness increases through transitory coexistence
and subsequently declines from local competitive
exclusion occurring later in succession. Age-
dependent patterns of diversity therefore emerge
as the relative importance of regional and local
processes shifts over successional trajectories
(Alexander et al. 2012). Habitat age may also con-
tribute to patterns of species sorting via direct or
indirect effects on the local environment
(Wellborn et al. 1996, Fuller and Moral 2003). An
age-mediated environmental filter could yield
age-specific community composition if dispersal
is neither limiting nor high (Hors�ak et al. 2012).
Empirical work indeed demonstrates successional
stage-dependent diversity in different taxonomic
groups and trophic levels in terrestrial (Donnegan
and Rebertus 1999, Koivula et al. 2002, Amici
et al. 2013) and aquatic (Fairchild et al. 2000, Ray
et al. 2001, 2004) ecosystems. Most studies of sec-
ondary succession, however, focus on the local
spatial scale and lack a large, fine-resolution age
gradient on which to evaluate the relative
strength and form of the relationship between

species richness and habitat age (hereafter, diver-
sity–age). The few studies that consider commu-
nity assembly trajectories over secondary
succession in natural metacommunities focus on
short-term observations (Vanschoenwinkel et al.
2010), or if longer-term, lack a high-resolution
habitat age (time since disturbance) gradient
(Vandvik and Goldberg 2006, Keith et al. 2011).
For studies of secondary succession and diver-

sity–age relationships in metacommunities, ponds
constructed by beaver (Castor canadensis Kuhl.)
are model systems reflecting habitat mosaics
formed by local disturbance. Beavers are ecosys-
tem engineers that convert streams to ponds
through dam formation and initiate the process of
pond community assembly (Naiman et al. 1988).
A landscape colonized by beavers supports a
patch mosaic of constructed ponds of different
ages, depending upon time of pond formation,
and provides a natural template for tests of diver-
sity–age relationships. The effects of damming
alter ecosystem structure (Rosell et al. 2005), with
a stream-to-pond transition that yields low-flow
environments, modified biogeochemical cycling
(Rosell et al. 2005, Lazar et al. 2015), and
increases in habitat size (Johnston and Naiman
1990) that select for different species than the orig-
inal stream ecosystem (Snodgrass and Meffe 1998,
Wright et al. 2002, Anderson and Rosemond
2007). The responses of regionally co-occurring
species to the successional pond mosaics are
poorly documented, particularly for passively dis-
persed animal taxa, including zooplankton.
Zooplankton communities are well established

to be structured by both regional and local pro-
cesses in pond metacommunities (Cottenie et al.
2003, Howeth and Leibold 2010). As passively
dispersed species, zooplankton can be trans-
ported among aquatic habitats via wind (C�aceres
and Soluk 2002), animal vectors (Cohen and
Shurin 2003), and hydrologic connections
(Michels et al. 2001a). Zooplankton sort locally to
pond environments that vary in nutrient avail-
ability (Leibold 1999), macrophyte cover (Cotte-
nie and De Meester 2004), and predator
incidence (Shurin 2001). Plankton communities
additionally undergo seasonal succession in
response to temporal variability in limiting
resources and predation pressure (Sommer 2012)
and can be characterized by species replacement
during succession over longer-term (i.e., decadal)
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timescales (Allen et al. 2011). Based upon these
observed patterns, zooplankton are predicted to
be structured by the heterogeneous successional
pond mosaics engineered by beaver.

To test predictions of diversity–age relation-
ships in metacommunities (Mouquet et al. 2003),
local zooplankton species richness and composi-
tion along a successional chronosequence in bea-
ver pond ecosystems were examined. Pond age
(formation year) was estimated using den-
drochronology and historical photography. The
relationship between zooplankton richness and
the pond age gradient was determined relative to
other local environmental factors within ponds
that may also influence richness. Spatial and tem-
poral community turnover (beta diversity) was
evaluated to test for the strength of community
dissimilarity as a function of regional dispersal
limitation vs. the age distance among ponds.
Diversity–age relationships are predicted to occur
from established successional trajectories (Pickett
et al. 1987). In a scenario of succession in meta-
communities, stochastic colonization, spatial
proximity to similar habitats, and priority effects
may be particularly important early in commu-
nity assembly (Mouquet et al. 2003, Allen et al.
2011, Fukami 2015). Consequently, species rich-
ness should be low in young habitats (Mouquet
et al. 2003, Virgo et al. 2006). In mid-successional
stages, more time for species to colonize from the
regional pool (Schneider and Frost 1996, Mouquet
et al. 2003) and greater habitat heterogeneity
(Kormondy 1969, Ray et al. 2004, Jeffries 2008)
may increase species richness. Late-successional
communities should be in equilibrium, where
local species sorting from interspecific interactions
is strong and dispersal is no longer limiting (Mou-
quet et al. 2003). A decrease in richness is there-
fore predicted in old relative to mid-aged
habitats, yielding a hump-shaped relationship
with pond age and community assembly time.

METHODS

Study region and ponds
The study sites include 15 ponds located in the

Oakmulgee District of the Talladega National
Forest (Bibb, Hale, and Tuscaloosa counties) in
central Alabama, USA (Fig. 1). The ponds repre-
sent stream-connected habitats that vary in time
of formation and thus successional stage. All

ponds support fish (Appendix S1) and are inhab-
ited by beaver. The forest surrounding the ponds
is composed of mixed hardwoods and pines with
xeric upland portions that include longleaf pine
(Pinus palustris Mill.). Average air temperature
for the region over the duration of the study,
May 2014–March 2015, was 15.7°C and the total
precipitation was 93.3 cm. The 15 ponds are dis-
tributed among four United States Geological
Survey (USGS) HUC 12 watersheds that drain to
either the Black Warrior River or the Cahaba
River. The two rivers are components of the same
coastal watershed that drains to the Mobile Bay
of the Gulf of Mexico.

Pond age
An estimated date of pond formation, or pond

age, was established for the 15 ponds using a
combination of dendrochronological methods
and historical aerial photography. Studies
demonstrate that tree-ring crossdating, utilizing
cores from trees in river floodplains, can be used
to identify the date of prior flood events over
several hundred years with annual resolution
(Ray et al. 2001, Rypel et al. 2009). These den-
drochronological methods were adapted to esti-
mate the year of pond formation using tree-ring
crossdating of inundated dead trees and analysis
of multi-year sections of reduced annual ring
growth in inundated living trees. Tree species
suitable for coring were selected based on their
sensitivity to climatic variation and low to mod-
erate tolerance for water inundation. Species
cored included flood-intolerant white oak (Quer-
cus alba L.) and black gum (Nyssa sylvatica
Marsh.) and moderately flood-tolerant sweet
gum (Liquidambar styraciflua L.) and loblolly pine
(Pinus taeda L.; Broadfoot 1967, Bedinger 1971,
Burton 1971). Quercus alba demonstrates weak
flood tolerance through reduced wood vessel
growth during water inundation (Rogers 1990)
and other selected species experience early senes-
cence from exposure to prolonged flooding
(Broadfoot 1967, Bedinger 1971, Burton 1971).
For cores taken from senesced trees, it was

assumed that the year of tree death corresponded
to the date of pond formation. Cores were col-
lected approximately 1.0–1.5 m from the surface
of the water using a 40.6-cm increment borer
(Hagl€of, Sweden) and were processed and mea-
sured using standard methods (Stokes and Smiley
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1996). Tree cores were air-dried, glued to wooden
mounts with cells vertically aligned, sanded using
progressively finer abrasives, and then scanned at
600 dpi using a Canon Canoscan LiDE 700F to
create a digital image of the core. Annual ring
number and width were measured on the digital
images using CooRecorder v7.9 (Larsson 2003).
Tree rings were dated to the calendar year of for-
mation against an anchored chronology that was
constructed for the region using P. palustris and
ranged from 1903 to 2010 (Bhuta 2011) with Cofe-
chaXP (pjk 2012; Grissino-Mayer 2001). Correla-
tion analysis of the sampled core and the
anchored chronology produced a date of tree
establishment (Grissino-Mayer 2001). To accept
the date as statistically well supported, only cores
with a Pearson correlation coefficient (r) value

≥0.4 were retained in the analysis, following
the standard acceptance threshold (Holmes 1983,
Rozas 2005). The year of pond formation was
determined by adding the total number of annual
rings measured to the date of tree establish-
ment. A target of three independent cores with
establishment dates r ≥ 0.4 was used to represent
each pond.
If three statistically informative cores were

unavailable for a pond from dead trees, cores
were sampled from living trees standing in
ponds. Cores were examined for multi-year ring
sections reflective of reduced or stunted growth.
Reduced annual ring growth can be an indicator
of prolonged water inundation in moderately
flood-tolerant trees (St. George and Nielsen 2000,
2003, Wertz et al. 2013) and thus was assumed to

27 yr

C

45 yr

D

59 yr

E

A B

Fig. 1. (A) Spatial location of the 15 study ponds in the Talladega National Forest, Oakmulgee District in (B)
central Alabama, USA. Ponds are denoted by filled circles and labeled with the estimated year of formation. Dark
gray lines define the streams on which ponds are located in each watershed. Light gray lines delineate the bound-
aries of USGS HUC12 watersheds in the study region. Semi-aquatic vegetation, macrophyte cover, and open-
water habitat area represented in (C) young (27 yr), (D) intermediate (45 yr), and (E) old (59 yr) ponds.
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be induced by flooding associated with pond for-
mation. Time of inundation was estimated by tal-
lying the number of annual rings to the earliest
ring (closest to the pith) in the stunted growth
section. This number was subtracted from the
bark year (2014) to provide an estimated year of
pond formation.

Aerial photographs from the United States
Forest Service (USFS) were used to date ponds
following previous studies (Johnston and Nai-
man 1990, Ray et al. 2001, Martin et al. 2015).
Aerial photography provided coverage of the
study region during years 1937, 1939, 1949, 1950,
1951, 1954, 1955, 1956, 1958, 1959, 1960, 1972,
1981, 1984, 1985, 1988, 1991, and 1992. Pho-
tographs were georeferenced with USGS water-
shed and USFS roadway base maps in Arcmap
10 (ESRI, Redlands, California, USA). Photogra-
phy and satellite imagery from Google Earth
(2014) provided additional coverage for 1988–
2014. Geographic coordinates of ponds were
taken in the field with a global positioning sys-
tem (GPS; eTrex 10, Garmin, Olathe, Kansas,
USA) and imported into Arcmap and Google
Earth. Photographs were examined for pond
incidence through the time series and were used
to derive approximate dates of pond formation
based on the first year of pond detection. The
oldest date of pond formation from either aerial
photograph or tree-ring analyses was selected as
the best estimate of formation year and used in
statistical analyses.

Pond sampling
Zooplankton were sampled in the 15 ponds

every other month for one year in 2014 and 2015:
24 May–28 May, 24 July–29 July, 24 September–
29 September, 21 November–26 November, 24
January–29 January, 21 March–28 March. During
the September sampling period, two ponds
(Ponds 1 and 2) were dry and could not be sam-
pled. Drying was related to limited rainfall and
high temperatures (total precipitation was
68.1 mm and average temperature was 23.4°C
from 1 August to 30 September) in late summer,
coupled with shallow pond depths. Crustacean
zooplankton were collected from two sampling
stations within each pond reflective of contrast-
ing habitats, a deep (open water) and shallow
(macrophyte-dominated) area, to include species
that may be spatially partitioned by habitat type.

Zooplankton were collected using a 0.75 m long,
5-L vertical water column sampler. Three repli-
cate samples of the water column were taken at
the deep and shallow stations and filtered
through 80-lm mesh to isolate zooplankton.
Samples were preserved with acid-sucrose
Lugol’s iodine solution for later microscopic enu-
meration. The volume of pond water filtrate was
recorded for each sample to determine species
density. In the laboratory, high-density plankton
samples were subsampled using a Folsom plank-
ton splitter to a target of 300 individuals. Zoo-
plankton (excluding rotifers) were enumerated
using a Nikon SMZ800 dissecting microscope
(Shinagawa, Tokyo, Japan) and identified to spe-
cies or the lowest taxonomic group possible
using standard keys (Smith 2001, Haney 2013) in
conjunction with species lists compiled from the
study region (Benke et al. 1999, Lemke and
Benke 2009). The remaining portion of the
uncounted sample was scanned for new species
and individuals of each new species were enu-
merated. Densities for shallow and deep samples
were calculated separately and combined to rep-
resent whole-pond community composition.
Pond environmental variables were measured

concurrently with the zooplankton communities.
Maximum pond depth, conductivity, and pH
(YSI 63 meter, Yellow Springs, Ohio, USA) were
measured at the deep sampling station. Water
was collected at the deep station from the middle
of the water column for nutrient and chlorophyll
analyses. In the laboratory, pond water was vac-
uum-filtered onto glass fiber filters (GF/F What-
man 47 mm, Brentford, UK). From the filtrate,
colored dissolved organic carbon (CDOC) was
measured using a UV spectrophotometer (Shi-
madzu UV-1800, Columbia, Maryland, USA;
Cuthbert and Del Giorgio 1992). Total and dis-
solved (from filtrate) phosphorus and nitrogen
were analyzed using spectrophotometric meth-
ods after persulfate digestion (Prepas and Rigler
1982, Crumpton et al. 1992). Chlorophyll a was
determined from converting in vivo fluorescence
measured from pond water using a fluorometer
(AquaFluor; Turner Designs, Sunnyvale, Califor-
nia, USA) to extracted chlorophyll a using a lin-
ear regression equation generated from samples
of 11 ponds in the study region in 2012 (follow-
ing extractions of glass fiber filters; methods in
Marker et al. 1980). Pond area was calculated in
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ArcMap using GPS coordinates of the pond
perimeters measured once in spring 2015.

Statistical analyses
To identify environmental variables that were

most strongly associated with pond age, a regres-
sion tree analysis was applied in CART v.6.6
(Salford Systems, San Diego, California, USA).
Regression tree analysis is a machine-learning
method that employs binary recursive partition-
ing to model a single continuous response vari-
able (i.e., pond age; Olden et al. 2008). The tree is
constructed by repeatedly splitting the data into
two groups (nodes) defined by a threshold value
(continuous data) or category (categorical data) of
a single independent variable that maximizes
homogeneity of outcome within the two groups
created by the split (De’ath and Fabricius 2000).
Regression trees are particularly suitable for the
analysis of complex ecological data sets that may
support nonlinear relationships that interact hier-
archically. Seven environmental variables were
used in the analysis and represented the average
value over the six sampling dates with the excep-
tion of area (measured once) and pond perma-
nence (categorical): area, chlorophyll a, CDOC,
maximum depth, permanence, total nitrogen, and
total phosphorus. Node splitting criteria were
based on the Gini homogeneity index, with no
constraints on the minimum node size (De’ath
and Fabricius 2000). The optimal classification
tree was chosen by selecting the smallest tree with
the best model fit. To further evaluate the associa-
tion between pond age and environmental vari-
ables, linear regression analyses were performed.

To test diversity–age predictions, the response
of local species richness to pond age and envi-
ronmental variables was evaluated with quadra-
tic and linear models. Cumulative and average
local species richness over the six sampling peri-
ods was evaluated as a function of age, area, and
the average of chlorophyll a, maximum depth,
CDOC, total nitrogen, and total phosphorus. A
likelihood ratio test (LRT; Box and Draper 1987)
determined which model best fit the relationship.
If the LRT was significant (P < 0.05), a test
devised by Mitchell-Olds and Shaw (1987; MOS)
was further implemented to evaluate whether
the model was significantly unimodal based on
the maximum (or minimum) fitted value relative
to the range of observed pond ages, following

standard methods for detecting hump-shaped
diversity relationships (Leibold 1999, Mittelbach
et al. 2001, Chase and Ryberg 2004). For signifi-
cant unimodal models, richness representing
deep and shallow habitats was analyzed sepa-
rately and by zooplankton taxonomic group for
the three most speciose groups in the data set
(Chydoridae, Daphniidae, and Copepoda) to
identify habitat- and group-specific patterns that
may influence the whole-pond richness analysis.
Analyses were performed in the vegan package
(Oksanen et al. 2013) of R 3.0.2 (R Development
Core Team 2013).
Beta diversity, measured as Jaccard’s inci-

dence-based dissimilarity index, was calculated
as an average over sample dates and evaluated
as a linear function of Euclidean and hydrologic
(stream network) distances between ponds. Spa-
tial analysis measure line (Euclidean) and short-
est path (hydrologic) tools were used to calculate
distances in QGIS 2.8.1 (QGIS Development
Team 2014). Beta diversity was also assessed as a
function of temporal distance (difference in pond
age). Models were further analyzed by taxo-
nomic group, with regression model slopes con-
trasted among groups to test for differential
levels of community connectivity by each group
and distance measure (Shurin et al. 2009).
Because richness can affect beta diversity (Chase
et al. 2011), the unbiased Raup-Crick index was
calculated but revealed similar patterns and thus
is not reported. Analyses were performed in
vegan (Oksanen et al. 2013).
To evaluate responses of individual species

and community composition to pond age, densi-
ties were averaged over the six sampling periods.
The response of individual taxa to the 15 ponds
classified by young (23–31 yr), intermediate (34–
45 yr), and old (56–69 yr) pond age classes was
determined with an indicator species analysis
(Dufrêne and Legendre 1997) using 10,000 per-
mutations in PC-ORD version 6.08 (McCune and
Mefford 2011). In this method, an indicator value
(IV) represents a percentage score corresponding
to a species level of treatment specificity, as
determined by species densities, where a score of
100 is a perfect predictor or indicator of the treat-
ment. The IV score is based only on within-
species density comparisons and is therefore
independent of other species responses. To test
for differences in community composition
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between the three youngest (Ponds 1, 2, and 3),
intermediate (Ponds 7, 8, and 9), and oldest
(Ponds 13, 14, and 15) ponds, log(x + 1)-trans-
formed species densities were contrasted across
groups using a PERMANOVA with Bray-Curtis
distances and 10,000 permutations in PC-ORD.
Additionally, to test for differences in community
composition between the youngest and oldest
age classes where differences were hypothesized
to be greatest, a PERMANOVA using the same
parameters contrasted composition between the
five youngest and five oldest ponds. Because two
young ponds (Ponds 5 and 6) had the same esti-
mated year of pond formation, they were
included in separate analyses to preserve bal-
anced sample sizes between groups.

A forward selection procedure and redundancy
analysis (RDA) were performed in Canoco 5 (ter
Braak and Smilauer 2012) to determine the envi-
ronmental variables that explained the most vari-
ation in community structure using a = 0.1. The
environmental variables employed in the regres-
sion tree modeling, in addition to pond age (in
years), were evaluated for use in the RDA by for-
ward selection. Species densities and environmen-
tal variables represented averages over the six
sampling periods. The environmental variables
were assessed for multicollinearity prior to analy-
sis, and no collinearity was detected. Monte Carlo
global permutation tests using 10,000 unrestricted
permutations evaluated the statistical significance
of explained variation.

RESULTS

Pond age and environment
Ponds ranged from 23 to 69 yr of age and var-

ied in their environment (Fig. 1; Appendix S2).
Regression tree analysis identified three environ-
mental variables that accurately modeled pond
age, with the most important predictor being
maximum pond depth (cross-validated relative
error = 1.11, R2 = 0.76; Fig. 2A). The tree branch-
ing sequence indicates that ponds with a depth
greater than 1.59 m were among the oldest
ponds in the study. Among shallower ponds, age
classes could be differentiated by CDOC and
pond permanence. Old ponds were deeper
(R2 = 0.36, P = 0.018; Fig. 2B), had lower CDOC
(R2 = 0.27, P = 0.046; Fig. 2C), and were perma-
nent (Fig. 2D) relative to middle-aged and young

ponds. There were no other significant environ-
mental correlates of pond age (Appendix S3).

Diversity and community structure
The relationship between cumulative local spe-

cies richness and pond age was better fit by a
quadratic regression than by a linear regression
(Table 1). The MOS test showed a significant uni-
modal relationship between cumulative richness
and pond age, where richness was higher in mid-
aged ponds and the peak in species richness
occurred within the range of observed age
(Table 1, Fig. 3A). The relationship between
cumulative richness and pond age in the subset
of species collected in the deep vs. shallow
habitat of each pond indicates that this overall
quadratic relationship is influenced by a hump-
shaped richness response in the deep habitats
(Table 2, Fig. 3B). Neither linear nor quadratic
regression models fit cumulative richness in
shallow habitats (Fig. 3C). Although richness by
taxonomic group showed no relationship with
habitat type and pond age, the chydorids
marginally followed a quadratic fit in the deep
habitats (Table 2). The quadratic model best fit
the relationship between average local species
richness and pond age, but it was not signifi-
cantly hump-shaped (Table 1).
Local cumulative and average richness neither

fit as a linear nor quadratic function with pond
area, chlorophyll a, CDOC, total nitrogen, or
total phosphorus (Table 1). The relationship
between cumulative local richness and maxi-
mum pond depth was best fit by a quadratic
regression (Table 1). Yet, this relationship failed
the MOS test, indicating that it was not hump-
shaped. There was no relationship between aver-
age local richness and pond depth.
Community dissimilarity increased with the

geographic distance between ponds (P = 0.025).
Among the taxonomic groups, this relationship
of spatial distance decay in community similarity
was significant in the chydorids and copepods,
but not the daphniids (Appendix S4: Table S1).
The positive relationship (slope) between com-
munity dissimilarity and the Euclidean distance
between pond sites was greater in the copepods
than in the chydorids, indicating relatively lower
linear connectivity among the copepod commu-
nities (Appendix S4: Fig. S1). In contrast, beta
diversity did not differ as a function of

 ❖ www.esajournals.org 7 June 2017 ❖ Volume 8(6) ❖ Article e01871

SFERRA ET AL.



hydrologic distance (community, P = 0.113) or
temporal distance (community, P = 0.622; taxo-
nomic groups, Appendix S4: Table S1).

There was no significant difference between
zooplankton community composition in the
three youngest, intermediate, and oldest aged

ponds (PERMANOVA, F2,8 = 0.60, P = 0.799).
Differences between community composition in
the five youngest and five oldest ponds ranged
from marginally significant to not significant,
depending upon the pond combinations ana-
lyzed (PERMANOVA, Pond 5; F2,8 = 1.31,

Fig. 2. (A) Regression tree identifying the most important environmental predictors of pond age. Relationship
between pond age and the variables selected in the regression tree, including (B) maximum pond depth, (C) col-
ored dissolved organic carbon (CDOC), and (D) pond permanence. (B, C) Values are mean � 1 SE over the six
sampling periods; n = 15 ponds.
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P = 0.201; PERMANOVA, Pond 6; F2,8 = 2.186,
P = 0.075). The indicator species analysis showed
that Daphnia ambigua (a daphniid) is an indicator
of old ponds (Appendix S5). There were no other
significant indicator species of pond age class.

The RDA evaluating variation in zooplankton
community structure as related to the pond envi-
ronment significantly explained 56.8% of variation
(permutation test: all axes, pseudo-F = 3.3, P =
0.002, first-axis pseudo-F = 4.9, P = 0.011; Fig. 4).
The forward selection analysis identified total
nitrogen as explaining the greatest amount of vari-
ation (27.3%, pseudo-F = 4.9, P = 0.001), followed
by pond age (10.8%, pseudo-F = 2.8, P = 0.076),
CDOC (9.4%, pseudo-F = 2.0, P = 0.10), and
chlorophyll a (9.3%, pseudo-F = 2.1, P = 0.097).

DISCUSSION

The strongest predictor of local species rich-
ness within ponds was pond age, with a uni-
modal relationship observed between richness
and habitat age. This result of a hump-shaped

richness relationship with community assembly
time broadly corresponds to theoretical predic-
tions of local richness in metacommunities (Mou-
quet et al. 2003). Pond depth served as the
environmental variable that most closely fol-
lowed a successional trajectory where depth
increased with pond age and also influenced
richness. The development of deep habitat in
intermediate-aged ponds promoted species coex-
istence through greater spatial habitat hetero-
geneity. In older ponds, a decrease in richness
and dominance by a deep habitat specialist
(Daphnia) suggests that species sorting may be
more important than dispersal in structuring
these communities. While local richness
responded to habitat age, there was a lack of con-
sistent community composition by successional
stage reflecting variation from differences in
pond nutrient availability and species dispersal.
Together, the results indicate that regional and
local age-dependent structuring mechanisms
operate at each successional stage on different
local colonist pools and environments yielding

Table 1. The relationship between zooplankton average and cumulative richness, pond age, pond area, and five
environmental variables tested by linear and quadratic model fit (multiple R2, F statistic) and likelihood ratio
(LRT) and Mitchell-Olds and Shaw (MOS) tests (P-values).

Variables

Linear Quadratic
LRT
P

MOS P

R2 F1,13 R2 F2,12 Min† Max†

Average richness
Age 0.01 0.03 0.24 1.90 0.043* 0.095 0.077
Area 0.05 0.61 0.10 0.70 0.327 – –
Chl. a‡ 0.03 0.33 0.06 0.38 0.463 – –
CDOC‡ 0.02 0.30 0.02 0.14 0.947 – –
Max. depth 0.05 0.68 0.16 1.15 0.173 – –
TN‡ 0.04 0.55 0.11 0.71 0.306 – –
TP‡ 0.13 1.98 0.20 1.50 0.270 – –

Cumulative richness
Age 0.01 0.07 0.25 3.39 0.010* 0.033* 0.024*
Area 0.24 4.14 0.30 2.52 0.294 – –
Chl. a‡ 0.20 3.30 0.20 1.54 0.853 – –
CDOC‡ 0.11 1.61 0.11 0.74 0.971 – –
Max. depth 0.14 2.15 0.41 4.22 0.017* 0.022* 0.077
TN‡ 0.01 0.15 0.03 0.15 0.650 – –
TP‡ 0.21 3.40 0.21 1.56 0.863 – –

Note: Chl. a, chlorophyll a; CDOC, colored dissolved organic carbon; Max. depth, maximum depth; TN, total nitrogen; TP,
total phosphorus.

* P < 0.05.
† P values for the MOS test of the hypothesis that the peak of the function is located at a given environmental value less than

the greatest observed environmental value in the data set (P max), and the hypothesis that the peak of the function is located at
a given environmental value greater than the least observed environmental value in the data set (P min). This test was per-
formed if the LRTwas significant at P < 0.05.

‡ Log-transformed data.
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communities that reflect succession in their rich-
ness response. Consequently, secondary succes-
sion should be considered an important driver of
species diversity across temporal and spatial
scales in metacommunities.
The habitat age gradient generating the uni-

modal richness pattern is a product of time since
physical disturbance (damming) yielding new
habitat. The youngest ponds in the study were
semi-permanent and therefore experience addi-
tional disturbance from drying. The annual com-
munity reassembly in semi-permanent habitats
likely contributes to their low observed species
richness (Chase 2003). While some zooplankton
species can re-colonize habitats from dormant
eggs in sediment (Lopes et al. 2016), immigration
from source ponds is also likely important in
determining community structure of semi-per-
manent habitats (Chase 2003, Symons and Arnott
2014). Relative to young ponds, intermediate-
aged ponds support greater habitat heterogene-
ity corresponding to an increase in pond depth.
These ponds have shallow habitat that supports
macrophytes and deep habitat that exceeds the
plant rooting zone and yields open water (Benke
et al. 1999, Ray et al. 2001). This deep area pro-
vides new habitat for species to occupy through
a succession-driven spatial niche (Cottenie and
De Meester 2004). Such depth-dependent habitat
association in zooplankton has been documented
previously in this system (Lemke and Benke
2009) and parallels differences in littoral and
pelagic communities in lakes (Walseng et al.
2006). In older ponds, local richness declined,
suggesting that dispersal effects are less impor-
tant than species sorting within these habitats
(Mouquet et al. 2003, Allen et al. 2011). Sorting
in zooplankton may occur in old ponds from the
dominance of superior competitors (Fairchild
et al. 2000, Cadotte 2007), strong trophic interac-
tions (Snodgrass and Meffe 1998), and greater
susceptibility to visual predators from lower
CDOC (Wissel et al. 2003).
There was a lack of coherent zooplankton com-

munity structure by successional stage. Commu-
nity composition across the chronosequence was
largely explained by local nitrogen availability

Fig. 3. Cumulative zooplankton species richness in
ponds (A) from the deep and shallow habitat samples
combined (B) from the deep habitat and (C) from the
shallow habitat as a function of pond age. Cumulative
richness over six sampling periods; n = 15 ponds.
Outer bands delineate the 95% CI of the quadratic
regression.
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(Fig. 4). History of community assembly (Chase
2003, Fukami 2015), spatio-temporal variation in
predator incidence (Shurin 2001), and extent and
composition of macrophyte cover (Ray et al.
2001) are among the unmeasured variables that
could also contribute to the observed divergent
community trajectories by successional stage.
The differential dispersal of zooplankton by
overland pathways likely influenced assembly
trajectories and interacted with variation in the
local environment to yield contrasting commu-
nity structure within successional stages. Cope-
pods exhibited stronger spatial distance decay in
community similarity than chydorids, and have
previously been shown to be constrained by
overland wind dispersal pathways (Hanly and
Mittelbach 2017). The densely forested matrix in
the study region could inhibit aerial wind disper-
sal of adult zooplankton and dormant eggs.
Pond communities connected by stream flow
may also be structured in part by dispersal from
hydrologic connections (Michels et al. 2001a,
Brown et al. 2011) or dispersal via aquatic mam-
mals moving along stream corridors (e.g., trans-
port on beaver fur; Peck 1975); yet compositional
dissimilarity with increasing hydrologic distance
was not observed. There was no evidence of
regional dispersal limitation in daphniids, and
therefore, this was the only taxonomic group
able to consistently track succession-driven
changes in the local environment. As pond envi-
ronments develop over succession, and more

time has elapsed to allow species in the regional
pool to arrive to communities, the process of spe-
cies sorting begins to yield community conver-
gence in old ponds. This is illustrated by the
occurrence of D. ambigua, a typically lake-asso-
ciated Daphnia species (Threlkeld 1979, Howeth
et al. 2013), at higher frequency and density in
older pond habitats. The species has been
observed to be among the first zooplankton colo-
nists of new lake habitats (Allen et al. 2011), sug-
gesting a congruent depth-dependent response
in this study. Additionally, D. ambigua has been
shown to be better dispersed via stream flow and
waterfowl than via wind (Michels et al. 2001b,
Figuerola et al. 2005), which may provide a dis-
persal advantage in a heavily forested region.
Successional trajectories in ecosystem response

contributed to local community structuring
mechanisms. Relationships between habitat age
and ecosystem properties were detected in age-
related differences in pond depth and dissolved
organic carbon. Age-mediated indirect effects on
zooplankton communities occurred through the
influence of pond depth. The positive depth gra-
dient across the chronosequence is a product of
the amount of time that the habitat modification
and maintenance activities of beaver have
occurred. Beavers excavate and transport pond
bottom sediments to seal their dams and lodges
and prevent water flow or intrusion (Pollock
et al. 1995, Gurnell 1998, Meentemeyer and But-
ler 1999). Differences in pond ecosystem size

Table 2. The relationship between zooplankton cumulative richness and pond age for all species (overall) and by
taxonomic group in the deep and shallow pond habitats, tested by linear and quadratic model fit (multiple R2,
F statistic) and likelihood ratio (LRT) and Mitchell-Olds and Shaw (MOS) tests (P-values).

Taxonomic
group Habitat

Linear Quadratic
LRT
P

MOS P

R2 F1,13 R2 F2,12 Min† Max†

Overall Deep 0.02 0.20 0.41 4.23 0.005�� 0.023� 0.013�

Shallow 0.0001 0.002 0.16 1.16 0.103 – –
Chydoridae Deep 0.04 0.48 0.30 2.56 0.029� 0.089 0.044�

Shallow 0.01 0.13 0.06 0.39 0.373 – –
Copepoda Deep 0.12 1.70 0.15 1.10 0.413 – –

Shallow 0.23 3.80 0.23 1.77 0.879 – –
Daphniidae Deep 0.004 0.05 0.04 0.23 0.478 – –

Shallow 0.0004 0.006 0.01 0.08 0.660 – –

�P < 0.05, ��P < 0.01.
† P values for the MOS test of the hypothesis that the peak of the function is located at a given environmental value less than

the greatest observed environmental value in the data set (P max), and the hypothesis that the peak of the function is located at
a given environmental value greater than the least observed environmental value in the data set (P min). This test was
performed if the LRTwas significant at P < 0.05.
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over succession also likely drive the observed
countergradient in CDOC. The higher concentra-
tions of CDOC in young shallow ponds may
have large effects on zooplankton communities
by reducing resource availability through lower
primary production from light limitation (Ged-
des 2009), protecting from UV radiation (Leech
and Williamson 2000), and improving predator
avoidance (Wissel et al. 2003). These age-
mediated effects on the environment likely con-
tribute to the observed influence of CDOC and
primary production (chlorophyll a) on zooplank-
ton community structure (Fig. 4). Additionally,
the strong influence of local nitrogen availability

on community composition may interact with
the age-dependent ecosystem effects to increase
variation in community structure within succes-
sional stages (Elser et al. 2007). Future experi-
ments are required to identify the relative
contribution of pond nutrient levels (nitrogen
and CDOC) to differences in zooplankton com-
munity composition and primary producer bio-
mass. While the mechanisms behind these age-
dependent ecosystem axes of succession may be
unique to beaver-maintained ponds, similar gra-
dients in ecosystem properties across succession
occur in many other habitat types (Odum 1969).
The direction and magnitude of ecosystem trajec-
tories in successional mosaics will in part deter-
mine the associated relative importance of local
community control mechanisms by successional
stage.
The observed unimodal diversity–age relation-

ship broadly corresponds to theoretical predic-
tions of species richness in metacommunities
undergoing succession (Mouquet et al. 2003),
with the increasing importance of local, relative to
regional, structuring processes over later succes-
sional stages generally supported in the pond sys-
tem. However, in this study, the earliest
successional stages were not represented by the
sampled chronosequence (no ponds <23 yr old),
and thus, the associated richness relationships are
unknown. The unimodal richness relationship is
most strongly reflected in cumulative richness
and is a statistically weaker relationship for aver-
age richness (Table 1). This result is in contrast to
theoretical predictions which are based upon sin-
gle sample estimates of local richness in commu-
nities undergoing primary succession (Mouquet
et al. 2003), not cumulative local richness over a
full annual succession cycle and using space-for-
time substitution to evaluate the response of dif-
ferent stages of secondary succession. The greater
response of cumulative richness is likely an effect
of seasonal forcing and associated shifts in local
species incidence from temporal variation in pre-
cipitation, temperature, predation pressure, and
macrophyte cover (Benke et al. 1999, Lemke and
Benke 2009). Thus, the diversity-enhancing effects
of the seasonal macrophyte habitat and the deep
habitat in intermediate-aged ponds would be
fully realized over an annual succession cycle.
Future studies incorporating additional pond
habitats of known ages will serve to improve

Fig. 4. Redundancy analysis (RDA) tri-plot repre-
senting the first two ordination axes of zooplankton
response to the four environmental variables shown to
be most important in explaining variation in commu-
nity composition. Taxon vectors are represented by
solid lines and environment vectors represented by
dashed lines. Taxon labels are adapted from App-
endix S5 and include the first five letters of the genus
followed by the first two letters of the species. Cope-
pod orders are labeled by the first eight letters. Envi-
ronmental variable abbreviations: pond age (AGE),
chlorophyll a (CHL), colored dissolved organic carbon
(DOC), and total nitrogen (TN). Numeric pond labels
(circles) follow Appendix S2: Table S1.
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understanding of the regional and local mecha-
nisms underlying the diversity–age relationship.

Other studies that consider community assem-
bly over primary or secondary succession in
natural metacommunities typically focus on
short-term observations and experiments (Mun-
guia 2004, Louette et al. 2008, Vanschoenwinkel
et al. 2010) or if longer-term, lack a fine-resolu-
tion age gradient (Vandvik and Goldberg 2006).
Short-term evaluation of community composi-
tion over primary succession in marine and
freshwater metacommunities highlights a strong
role for dispersal early in community assembly
(Munguia 2004, Louette et al. 2008). For exam-
ple, in newly established marine pen shell habitat
(Munguia 2004), invertebrate richness increased
over approximately four months from dispersal,
whereas in newly formed ponds (Louette et al.
2008), zooplankton richness remained low over
the first three years because dispersal limitation
precluded colonization of all but a few species
that also exerted priority effects. A study evaluat-
ing primary succession in lake zooplankton used
paleolimnology to examine assembly in mine pit
lakes ranging from 44 to 77 yr of age (Allen et al.
2011). The species colonization order illustrated
that assembly history can influence community
structure for decades while patterns reflective of
species sorting develop gradually over time
(Allen et al. 2011). In this case, as in the present
study, detecting species sorting depended upon a
broad habitat age range.

Many studies of secondary succession are con-
strained by short timescales due to the frequent
nature of local disturbance regimes, and may
yield scale-dependent diversity relationships as a
consequence. For example, a study of secondary
succession in temporary rock pools focused on
invertebrate community assembly over approxi-
mately four months and showed a positive diver-
sity–age relationship (Vanschoenwinkel et al.
2010). An experimental study in grassland meta-
communities over 0, 10, and 40 yr of succession
(time since vertebrate grazing), and surveying
the seed bank and standing local and regional
species pools, found that dispersal and local pro-
cesses contributed approximately proportionally
to the observed decline in plant diversity over
secondary succession (Vandvik and Goldberg
2006). The decline in plant species richness over
succession was instead attributed to the amount

of time since disturbance (grazing). This finding
suggests that community composition reflective
of stage-dependent regional and local processes
may be more apparent in studies of primary
rather than secondary succession, particularly
for organisms that create seed or egg banks
(including zooplankton) and benefit from a stor-
age effect in time and space (C�aceres 1997,
Chesson 2000).

CONCLUSIONS

The work presented herein represents one of
the first studies evaluating diversity–age relation-
ships within metacommunity mosaics experienc-
ing patchy disturbance and secondary succession
over a large habitat age gradient. Results support
a unimodal diversity–age relationship that devel-
ops as a consequence of the increasing impor-
tance of local structuring processes over
succession, as predicted by theory (Mouquet
et al. 2003). In this study system, the relationship
is apparently yielded by a succession-driven spa-
tial niche (pond depth) that develops over the
age gradient, in addition to species sorting in old
habitats. As this is an observed pattern among
complex multi-trophic ecosystems, however, the
underlying mechanisms leading to the diversity-
age relationship cannot be definitively tested or
identified. Importantly, the finding that habitat
age can contribute to local diversity relationships
in these multi-trophic ecosystems suggests that
age and successional stage should routinely be
considered in studies determining drivers of
diversity relationships in metacommunities. As
natural and anthropogenic disturbances continue
to increase across contemporary landscapes, doc-
umented temporal histories of community and
ecosystem response should facilitate better
understanding of the importance of local and
regional drivers in structuring diversity within
successional mosaics.
The results suggest that more studies are

needed of succession in metacommunities over
broad, high-resolution chronosequences (relative
to the generation times of study organisms) to
test diversity–age relationships and the impor-
tance of local and regional processes in commu-
nity assembly. Yet, ecological succession is not
typically considered in metacommunity para-
digms (Leibold et al. 2004), or included as a
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possible contributing factor in metacommunity
analyses evaluating the relative influence of
space and the environment on community struc-
ture in empirical data sets (Cottenie 2005, Logue
et al. 2011, Soininen 2014). Moreover, succes-
sional stage-dependent patterns are not routinely
accounted for in studies evaluating relationships
between species diversity and ecosystem func-
tion (diversity–productivity; Mittelbach et al.
2001, Chase and Ryberg 2004). Future studies
and frameworks in metacommunity ecology
should acknowledge the potential for interactive
roles of succession, the local environment, and
species dispersal in order to accurately identify
processes underlying patterns of diversity in con-
temporary landscapes experiencing disturbance.
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