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Abstract We used tree-ring analysis to evaluate the
combined effects of rising water levels and 13 years of
municipal wastewater addition on growth of baldcypress in
a subsiding swamp forest in southern Louisiana. Trees in
the treatment, downstream outflow, and adjacent untreated
control areas all experienced increased growth coinciding
with a period of widespread rapid subsidence and water-
level increases in the late 1960s. Tree growth in the
treatment and outflow sites began to decrease before
wastewater application began in 1992, and afterward was
apparently unaffected by treatment. In contrast, trees in the
control site have not experienced growth declines. Hydro-
logical changes caused by subsidence have apparently
overwhelmed any effect of wastewater treatment on
baldcypress growth. Increasing inundation may have
increased growth initially by eliminating competition from
species less tolerant of inundation; however, after a decade
of sustained higher water, growth declined steadily. Release
of baldcypress from competition continues at the topo-
graphically higher control site, but growth will likely
subsequently decrease as ongoing subsidence and eustatic
sea-level rise cause more prolonged inundation. We
conclude that short-term increases in water level stimulated
growth of baldcypress, but long-term increased inundation

was a net stressor and was more important than nutrient
limitations in controlling growth at this site.
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Introduction

Tertiary treatment of municipal wastewater has been increas-
ingly used as an inexpensive and effective way of simulta-
neously improving effluent water quality and increasing
productivity of wetland vegetation (Day et al. 2004). Appli-
cation of municipal wastewater has been used as a treatment
and restoration practice in cypress (Taxodium spp.)-tupelo
(Nyssa spp.) swamps, with the typical result being enhanced
growth rates by increasing nutrients in otherwise dystrophic
swamps (Mitsch and Ewel 1979; Brown 1981; Nessel et al.
1982; Hesse et al. 1998; Hunter et al. 2009). However,
experience with this practice remains limited.

One place where productivity of cypress-tupelo swamps
has been degraded is the delta of the Mississippi River,
where swamp forests dominated by baldcypress (Taxodium
distichum (L.) Rich) and water tupelo (Nyssa aquatica L.)
occupy about 3450 km2 (Keim et al. 2006). Hydrologic
engineering throughout the delta has eliminated riverine
flooding and distributary flows by an extensive network of
artificial levees and other water control structures. The result
has been that consolidation of recent alluvium has not been
balanced by continued deposition from overbank flooding and
in situ organic matter production, and rapid subsidence has
occurred nearly throughout the delta (Penland and Ramsey
1990) resulting in increased stagnant inundation, low nutrient
mobility, accumulated phytotoxins, low dissolved oxygen,
and high rates of wetland loss (Day et al. 2007).
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Baldcypress is a species typical of riverine swamps with
extended but not permanent flooding. In contrast to
periodic flooding common in floodplains, stagnant and
semipermanent flooding causes reduced growth, crown
dieback, increased susceptibility to pests, decreased root
mass, greater susceptibility to blow down during hurri-
canes, and increased tree mortality (Conner et al. 1981;
Keeland et al. 1997; Amos 2006; Shaffer et al. 2009). In the
delta of the Mississippi River, multiple stressors are often
present (Allen et al. 1996; Effler and Goyer 2006). Often,
the stressor most responsible for degradation is not clear, so
the effect of implementing restoration measures such as
municipal wastewater application is uncertain.

The objective of this research was to evaluate the
combined effects of municipal wastewater treatment and
rising water levels on growth of a swamp forest in southern
Louisiana. We used tree rings to evaluate previous growth
rates of baldcypress at a site where wastewater additions
began 13 years prior to sampling. This site has been the
subject of intensive research since its establishment.
Previous work has quantified nutrient dynamics (Zhang et
al. 2000), denitrification (Crozier et al. 1996; Boustany et
al. 1997), floating marsh establishment (Izdepski et al.
2009), and organic and inorganic accretion (Rybczyk et al.
1998, 2002) at the site. Short-term measurements of litter
production have suggested that wastewater addition has not
increased tree productivity at this site (Rybczyk et al.
1996). Elsewhere in the same interdistributary basin,
dendrochronology has revealed that baldcypress are gener-
ally declining in response to increased long-term inundation
(Amos 2006), but Hesse et al. (1998) reported increased
diameter growth in response to wastewater additions in a
well-drained swamp forest in south Louisiana. The specific
objective of this work was therefore to test whether
wastewater additions were sufficient to counteract expected
declines in tree growth caused by increased inundation.

Methods

The study site (Fig. 1) is in Lafourche Parish, Louisiana,
near Bayou Lafourche, which was an active distributary of
the Mississippi River until it was disconnected for flood
control in 1904. Bayou Lafourche carried the majority of
Mississippi River flow about 1000 years ago, but this had
declined to less than 20% of flow by the time of European
colonization in the early 1700s. The site was isolated from
upland runoff in the 1930s by the construction of the
Terrebonne-Lafourche drainage canal. The spoil bank of the
canal blocks any surface drainage into the study area.

Discharge of treated effluent at the site began in 1992,
and an average of 7500 m3 d−1 have been discharged since.
Loading rates of N and P from the wastewater effluent to

the treatment site average 3.1 gm−2 y−1 and 0.6 gm−2 y−1,
respectively. Effluent is released from a canal along the
northern border of the treatment wetland, and flows down-
gradient to the southwest (Fig. 1). Flow is restricted to an
area between a small, raised road and a low ridge formed
by a former distributary channel. Wastewater drains out of
the treatment area at an outflow site located about 2000 m
at the down-gradient end of the swamp. There is substantial
uptake of nitrogen and phosphorus in the forested wetlands.
Nitrate, the main form of inorganic nitrogen, often exceeds
concentrations of 10 mg l−1 in the effluent, but these are
reduced to near zero at the outflow site (Zhang et al. 2000).

In addition to the treatment and outflow sites, there is an
adjacent untreated site used as a control (Fig. 1). The
control area is hydrologically separated from the treatment
site by a low natural ridge in the swamp whose mean
elevation is 1.16 m above mean sea level (MSL) and about
30 cm higher than the adjacent forested wetlands, which are
at mean elevation of 0.76 m above MSL. The control site is
about 20–25 cm higher than the treatment site.

In the treatment site, the most common tree species in
addition to baldcypress are ashes (Fraxinus pennsylvanica
Marsh. and F. profunda (Bush) Bush), most of which
germinated earlier than the 1980s and are now mostly dead.
In the outflow site, baldcypress is the most common species
but others present include water tupelo, Drummond’s red
maple (Acer rubrum var. drummondii (Hook. & Arn. ex
Nutt.) Sarg.), and dwarf palmetto (Sabal minor (Jacq.)
Pers.). In the control site, baldcypress is growing in a mix
with black willow (Salix nigra Marsh), ashes, Nuttall oak
(Q. texana Buckl.), and Drummond’s red maple; the site
also has substantial understory regeneration of baldcypress.

Treatment

Control

Outflow

0 1000 2000500 m

Fig. 1 Study location in Louisiana, USA. Stars indicate tree-ring
collection sites. Effluent is released from a canal along the northern
border of the treatment wetland, and flows down-gradient to the
southwest. Flow is restricted to an area between a small, raised road
and a low ridge formed by a former distributary channel
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Aside from baldcypress, the ridge is vegetated primarily
with oaks (Quercus nigra L. and Q. laurifolia Michx.),
sweetgum (Liquidambar styraciflua L.), American elm
(Ulmus americana L.), dwarf palmetto, and boxelder (Acer
negundo L.).

In each site (Treatment, Outflow, and Control), 10–11
overstory baldcypress trees were sampled with a 5.15-mm
Haglöf increment borer. This sample size is sufficient
given the relatively high inter-series correlation and high
sensitivity of the trees to environmental variation (Table 1,
Fritts 1976). At least two (maximum four) cores were
extracted from each tree. The cores were extracted at least
3 m above the ground to avoid the deformed rings in the
buttressed base (Young et al. 1995; Keeland and Young
1997). Cores were dehydrated at 40°C for approximately
2 weeks, then glued onto wooden holders and sanded with
progressively finer sandpaper (100–600 grit; 125–16 μm
(Orvis and Grissino-Mayer 2002)) to prepare surfaces for
reading.

All ring widths were measured to the nearest 0.01 mm
using a Velmex sliding stage under a dissecting microscope.
Cores were crossdated to assign exact calendar year to each
ring using skeleton plots (Stokes and Smiley 1968) and
marker rings of unusually good or poor growth years from
established baldcypress chronologies from the area (Amos
2006). Crossdating was verified using the cross-dating
software COFECHA (Holmes 1983; Grissino-Mayer 2001).
False and locally missing rings are common in baldcypress
(Ewel and Parendes 1984; Young et al. 1993), but the
crossdating procedure sufficiently reduces errors in ring
dating so that baldcypress is one of the most useful trees for
dendrochronology in the region (Stahle et al. 1985, 1988;
Stahle and Cleaveland 1992). Once all cores were cross-
dated, we averaged all measurements of ring width by year
for each tree to obtain a single time series of mean ring
width for each tree (as recommended by Speer 2010), then
constructed chronologies from these mean measurements.
Chronologies for all three sites were truncated to 1922–
2005, which is the period over which sample size was
sufficient.

Investigating competing wastewater treatment and inun-
dation effects is complicated by the fact that there are
multiple controlling factors on tree growth. Thus it was
important to account for variance in growth not related to

the treatments or inundation. We modeled ring widths
modified from Cook (1987), following Amos (2006), as

RðtÞ ¼ f AðtÞ;CðtÞ; "ðtÞð Þ; ð1Þ

where R is ring width in year t; A is the expected ring width
based on the age-related decrease in width; C is the effect
of annual variations in climate; H is the effect of variations
in water level; and ε is error not accounted for in other
terms, including stand disturbance.

Tree-ring series are autocorrelated because tree growth
rates integrate response to climatic conditions for several
years (Fritts 1976). Some environmental variables from
Eq. 1 are also autocorrelated (i.e., H and some stand-
disturbance elements of ε) but some are not (C); we used
separate modeling approaches for each. For analysis of the
effects of serially uncorrelated environmental variables (C)
on growth, we used the ARSTAN model (Cook 1985; Cook
and Holmes 1986) to create a tree ring chronology with no
autocorrelation. In ARSTAN, each tree ring series is
individually detrended by both (1) a model for combined
A and long-timescale variance originating in H and ε and
(2) an autoregressive-moving average (ARMA) model.

For analysis of the effects of serially correlated environ-
mental variables (H and stand disturbance) on growth, we
created a chronology by the Regional Curve Standardiza-
tion (RCS) method (Briffa et al. 1992; Esper et al. 2003).
The RCS method detrends tree ring time series by cambial
age as a ratio of observed ring width to the average ring
width for a large number of trees from the region. Data for
the regional curve (RC) were 62 baldcypress from a study
in the same region by Amos (2006) as well as all trees in
this study, for a total of 93 trees. We formed the RC by
fitting a negative exponential curve to these data. The RCS
chronology preserved low-frequency variance and autocor-
relation in the chronology.

To assess effects of annual climate variation and short-term
water-level variation on growth, we used Pearson correlations
between the chronologies and several climate and hydrolog-
ical variables. Climate variation was examined for correlation
with the ARSTAN growth index, using climatic data from
Louisiana Region 9 of the National Oceanic and Atmospheric
Administration National Climatic Data Center (NCDC)
database. Available variables were monthly temperature,
monthly precipitation, monthly Palmer’s Drought Severity
Index (PDSI), and monthly Palmer’s Hydrological Drought
Index (PHDI). The PDSI is designed to model soil moisture,
and the PHDI is designed to model longer-term water balance
in groundwater and larger water bodies. Positive values for
both indices indicate wetter than average conditions. There are
no long-term hydrologic data available in the immediate
vicinity of the treatment site; however, water levels do not
vary substantially spatially because this is a large estuarine

Table 1 Properties of tree-ring chronologies, 1922–2005

Site Trees Mean Ring
Width (mm)

Intercorrelation Sensitivity Problem
segments (%)

Treatment 11 2.30 .527 .505 9.1

Outflow 10 2.96 .671 .500 0.0

Control 10 2.53 .589 .515 5.0
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swamp within which correlations among gauges are generally
high (Amos 2006). Therefore, for analysis of hydrological
data, we used water-level (stage) data from the nearest
gauged site at Lake Verret (Attakapas Landing), which is
25.5 km west-northwest of the treatment site. The effects of
short-term hydrologic variation on annual growth were
analyzed using the RCS growth index.

As at many locations in the subsiding Mississippi River
delta in southern Louisiana, the Attakapas Landing gauge
has recorded an increase in water depth (due to subsidence
and perhaps backwater flooding from the Atchafalaya
River) since its establishment in 1955. Amos (2006) found
that 10-year running average water levels were statistically
significant predictors of long-term changes in baldcypress
growth, so we compared the 10-year running average water
levels to 10-year running average growth in the RCS
chronology.

Results

Tree-Ring Chronologies

All three sites had mean inter-series correlation (mean of all
correlations between individual-tree series and the stand-
average series after detrending and correcting for autocor-
relation by COFECHA) greater than 0.52, which indicates
proper crossdating, and mean sensitivity (mean ratio of

inter-ring difference to mean ring width for all pairs of rings
in all trees) substantially greater than the threshold of 0.3
that indicates trees are highly sensitive to environmental
variation (Fritts 1976; Grissino-Mayer 2001) (Table 1).
Problem segments (50-year time spans during which an
individual tree was correlated to the stand-average series at
r<0.3281) were less than 10% of all series at all sites,
which also corroborates proper crossdating.

The date of the earliest ring at the height of coring
ranged from 1835 to 1922, and 20 of the 31 trees first
reached the height of coring between 1908 and 1919.
Assuming it required 5–10 years for trees to grow to the
3 m height of coring, these dates indicate most trees at the
site became established between about 1898 and 1914. For
trees that predated the 1898–1914 cohort, the RCS
chronology shows a slow decrease in growth through
1906 followed by a growth release (Fig. 2a); these trees
averaged 9 cm diameter inside bark at 3 m height in 1899.
Thus, it appears the site was logged about 1906, but small
trees were left. This history is typical for cypress-tupelo
swamps in southern Louisiana, which were nearly all
logged from about 1890–1925 (Conner and Toliver 1990).

Growth Relationships with Treated Wastewater Additions

The 13 years following wastewater additions were the
poorest growth of the previous half century in the treatment
and outflow sites, while the control site grew at rates equal
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Fig. 2 Tree ring chronologies
(a and b) and sample sizes (c)
from the wastewater effluent site
(treatment), downstream outflow
site, and adjacent control site.
Tree-ring crossdating was only
performed for the period 1922–
2005. The vertical line indicates
the onset of effluent addition to
the treatment site in 1992
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to or higher than any in the past 50 years (Fig. 3). It was
difficult to ascribe these changes to the treatment, however,
because post-treatment growth in the treatment and outflow
sites followed a trend of declining growth that began at
least a decade before treatment (Figs. 2a, 3).

Growth Relationships with Climate and Inundation

Several monthly climatic and hydrological variables were
significantly correlated with the ARSTAN (detrended, non-
autocorrelated) tree-ring chronology (Fig. 4). Correlations
were similar for all three stands (not shown), so that
controls by climate and short-term hydrological variation
on annual growth were not strongly affected by elevation-
driven hydrological regime (deepest inundation at the
lowest, outflow site and shallowest inundation at the
highest, control site). Correlations were also similar for
the treatment stand both before and after initiation of
wastewater addition (Fig. 4).

The greatest annual growth occurred in cool, wet
growing seasons, particularly during the months of April
and May (Fig. 4). High precipitation and low temperature
during this period were individually correlated with
greater growth, but their combination in the form of
drought and hydrological indices (PDSI and PHDI) were
more consistently significantly correlated with growth.
Positive correlations with PDSI and PHDI persisted later
into the summer in part because of temporal correlation in
those variables.
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The strongest correlations between annual tree growth
and all short-term variables were with swamp water levels
(stage); high water levels were positively correlated with
growth beginning in the winter preceding the growing
season and through the growing season of ring formation
(Fig. 4). When analyzing the average growth response
across all sites both before and after treatment, the month
with greatest simple correlation with growth was May of
the current growing season (r=0.38), and the multiple-
month period of greatest correlation was March-May of the
current growing season (r=0.40). Other variables highly
correlated with all-site growth were maximum water level
during the year of ring formation (r=0.39) and mean stage
throughout the growing season (r=0.36).

In contrast with the positive correlation between growth
and short-term water level, there was a negative correlation
between growth and long-term water level. Growth rates at
all three sites increased strongly (Fig. 5) in conjunction
with a rapid increase in water level by about 20 cm in the
early 1970s related to floods on the Atchafalaya River
(which dominates the hydrology of the area, including Lake
Verret, because of substantial backwater effects; Swarzenski
2003). However, after about the first decade of sustained
higher water, the growth in the treatment and outflow sites

declined steadily. This growth pattern follows a regional
trend in the large area of wetlands west of the study area, in
which three other low-elevation baldcypress stands sur-
rounding Lake Verret also experienced short-term increases
in growth followed by long-term decline (Amos 2006)
(Fig. 5). Growth in the control site experienced the same
increase following water-level increases, but unlike the
other sites did not experience a subsequent decline. Because
the control site is about 20 cm higher than the treatment and
outflow sites, it has not experienced the deeper inundation and
still occasionally dries out. At all three sites, the relationship
between long-term water levels and growth rates was
hysteretic (path-dependent) (Fig. 6), indicating non-unique
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relationships between long-term water levels and growth
rates. Initially, increased long-term water level was correlated
with increased growth, but growth declined after long
periods of continued high water.

Discussion

The expected positive relationship between effluent addi-
tions and tree growth did not exist at the study site. There
was no demonstrable effect of the effluent discharge;
instead there was a strong relationship between growth
and inundation. Hydrological differences between the study
site and other sites where added nutrients have increased
growth may explain the lack of the expected response.
Elsewhere, Hesse et al. (1998) and Hunter et al. (2009),
also working in the Mississippi River deltaic plain, found
baldcypress increased growth in response to the addition of
treated effluent. However, that site was subject only to
seasonal inundation, whereas our study site has remained
flooded continuously for at least the entire length of
treatment (13 years) and likely for about two decades prior
to treatment. This hydrological regime has dominated
growth responses and prevents robust conclusions regard-
ing the effects of nutrient additions from wastewater on tree
growth at our site.

There was a growth increase apparent in the baldcypress
trees at our research site that predated the effluent
application (Fig. 2a). The most likely cause of this is a
release from competition from trees of other species; their
mortality appears have been an important mechanism
affecting growth responses to hydrological change. Increas-
ing inundation causes mortality first in the species less
tolerant of inundation, and stands eventually lose tree
density under semipermanent inundation (Conner et al.
1981; Conner and Day 1992; Visser and Sasser 1995;
Conner et al. 2002). Before effluent discharge began in
1992, bottomland hardwood species in the treatment area
such as green ash were already dying and by 2008 the only
living adult trees left were cypress and tupelo. Long-term
increased inundation is almost certainly the cause for the
widespread mortality of these trees. The presence of a few
scattered, large, dwarf palmettos in the outflow site
suggests that it, too, was once much less flooded than
presently because dwarf palmetto cannot germinate in
flooded conditions. Even in the control site (the highest
elevation of the three), the species that are least flood
tolerant have nearly all died. There are many young black
willows and baldcypress in the control site, which are
replacing other species less tolerant of inundation. We
expect baldcypress at the control site to eventually
experience the growth declines of the other two sites as
water levels continue to rise.

The differences in hysteretic relationships between water
level and growth among sites are likely related to thresholds
in inundation effects on different species. As water levels
increase, species that are not favored by the higher water
drop out of the stand, and the remaining species experience
a growth release. If water levels do not increase beyond the
tolerance of baldcypress, they show sustained increased
growth as in the control site. On the other hand, a
hydrological threshold appears to have been exceeded in
the treatment and outflow stands, leading to long-term
decline of all tree species. Baldcypress may persist at these
sites for some time, but the long-term successional pathway
is likely to be to open water, shrub-scrub, or treeless marsh.
This is consistent with findings for baldcypress in general
in south Louisiana that are subject to permanent inundation
(Keim et al. 2006).

The reason for the steeper decline in baldcypress growth
at the outflow site compared to the treatment site (Fig. 2a)
is unclear. Nutrient loading in the effluent may have
directly prevented decline in the treatment site but less so
in the outflow site because much of the inorganic nitrogen
has been assimilated by the time water reaches the outflow
site. The effluent may also have prevented deeper inunda-
tion by increasing production of aquatic vegetation that
caused sufficient accretion to offset subsidence (Rybczyk et
al. 2002; Izdepski et al. 2009). However, differentially
greater decline in the outflow site began about 15 years
prior to initiation of treatment, which suggests the differ-
ential decline is not likely related to the effluent. Stand
density effects may explain part of the difference: trees in
the treatment site are growing nearly without competition
from adjacent trees because the original stand consisted of
many individuals of species less tolerant of inundation. In
contrast, the outflow site consists mostly of baldcypress, so
that mortality of competing species with increased water
level may have freed relatively fewer resources.

It may seem counterintuitive that wetter weather in-
creased growth (Fig. 4) in this forested wetland where water
is plentiful, but tree physiology and its relationship with
redox processes may explain the paradox. First, baldcypress
and pondcypress (T. ascendens Brongn.) in flooded
conditions develop canopies with low leaf area (Brown
1981; Oren et al. 1999) and use water efficiently (Brown
1981). These characteristics likely relate to the high cost of
water uptake in anaerobic soils; growth rates and water use
are normally higher when roots are in aerobic or less-
reduced conditions (Dickson and Broyer 1972; Pezeshki
and DeLaune 1998; Pezeshki and Santos 1998). Although
trees can adapt physiologically to improve oxidation of the
rhizosphere (Megonigal and Day 1992; Kozlowski 1997),
phytotoxins may be present in reduced conditions that
inhibit free uptake of water (Kozlowski 1997; Pezeshki
2001). In cool, rainy weather, incident precipitation may
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partially aerate standing water, and cooler water increases
the solubility of oxygen. Davidson et al. (2006) found that
surface water penetrated to the rhizosphere in continuously
flooded baldcypress during periods of rainfall, and specu-
lated that attendant oxidation was responsible for increased
growth in baldcypress when rainfall is high. Vapor pressure
deficit and evaporative demand is lower during cooler
weather with higher precipitation and humidity so that
limits to growth originating in water uptake are relaxed.

Similar to the way cool, rainy growing seasons increased
growth, short-term high water events increased growth.
This relationship may be caused by the same processes that
increased growth during cool, rainy weather because rain
events also tend to increase water levels. However, high
water levels in the winter also increased growth in the
subsequent growing season even though photosynthesis is
not active in winter. The most logical explanation is that
high water events moved the hydrological regime away
from stagnant and toward a flow-through system. Trees in
swamps with flowing water that brings nutrients, flushes
phytotoxins, and oxygenates the rhizosphere typically grow
more rapidly than dystrophic, stagnant swamps (Conner
and Day 1976; Mitsch and Ewel 1979; Brown 1981;
Shaffer et al. 2009).

Tertiary treatment of municipal wastewater in natural
wetlands is an increasingly applied tool to improve quality
of receiving waters and reduce costs of treatment, while
simultaneously increasing wetland productivity and restor-
ing ecosystems degraded because of low nutrients or
saltwater intrusion. At our study site, wastewater applica-
tions have increased overall productivity and organic
accretion (Rybczyk et al. 1998, 2002). However, the
increases have been in the incipient floating marsh at the
site (Izdepski et al. 2009) rather than in the trees. Thus,
adding wastewater as ecosystem restoration at this site has
not benefitted the swamp forest ecosystem because rising
water levels are creating limiting factors other than nutrient
deprivation.
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