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ABSTRACT

The annual hydrograph of large rivers, including flood pulses and low-flow periods, is believed to play a primary role
in the productivity of biota associated with these ecosystems. We investigated the relationship between river
hydrology and Interior least tern (Sterna antillarum) reproductive success on the Lower Mississippi River from April
to July 1986–1993. The number of fledglings produced per adult pair was negatively correlated with July mean
(r= −0.95, p=0.0004) and July maximum river elevation (r= −0.97, p=0.0001), but no other aspects of river
hydrology were related to tern reproduction. Low-water elevations in July may benefit least tern reproductive success
by increasing sand island area or the area of shallow-water habitat that surrounds islands. Loss of deep-water habitats
in conjunction with an increase in shallow habitat during stage decreases may concentrate fish prey in shallow-water
habitats and backwater areas, thereby increasing food availability during chick-rearing. Copyright © 2002 John Wiley
& Sons, Ltd.
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INTRODUCTION

The seasonal predictability of low-flow periods (‘Flood-Pulse Concept’, Junk et al., 1989; Bayley, 1995),
and the intra- and inter-annual magnitude, timing, duration, frequency and rate of change of high and
low flows are believed to be responsible for maintaining the complex physical structure, rich biodiversity,
and high productivity of large river-floodplain ecosystems (Richter et al., 1996; Poff et al., 1997). These
components of a river’s natural flow regime can influence all aspects of a river ecosystem (Poff et al.,
1997), yet we do not fully understand the impacts of annual and long-term hydrologic cycles on many of
the biota that inhabit large rivers. The Mississippi River and its tributaries comprise a biologically diverse
river–floodplain ecosystem that has been altered to enhance flood control, navigation and floodplain
drainage for urban and agricultural development (Sparks, 1995). Aquatic habitat abundance and diversity
have been lost on the Lower Mississippi River (LMR) since river regulation began over 250 years ago
(Baker et al., 1991); however, variation in the annual hydrologic cycle remains essentially unchanged
(Simons et al., 1974). Annual variation in river stage from minimum to maximum is often �8 m (Baker
et al., 1991) and generally much higher than that currently observed on the Missouri River or the upper
and middle reaches of the Mississippi River (Fremling et al., 1989). Modifications continue on the LMR
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for flood control and navigation, and therefore an understanding of the impacts and importance of
current hydrologic cycles on biotic productivity is crucial to conservation and management of the wide
variety of species that depend on this river ecosystem.

The Interior least tern was placed on the US Fish and Wildlife Service’s Endangered Species list in 1985
because of nesting habitat loss throughout interior river basins (US Fish and Wildlife Service, 1985). Least
terns nest on sand islands in the Missouri and Mississippi rivers and their tributaries (Sidle et al., 1988)
and prey on river fishes�5 cm in size (Dugger, 1997). On the LMR least tern reproduction coincides with
the spring flood and subsequent stage reduction and low-flow period that occur between April and
August (Figure 1; Tibbs and Galat, 1998). Small fish production in backwater and floodplain habitats
begin just prior to tern arrival at nesting colonies, and as water recedes, small fishes move out of the
floodplain into riverine habitats (Tibbs and Galat, 1998). In addition, as spring floodwaters recede, sand
island habitat (for detailed description see Baker et al., 1991; Shields, 1995) for nesting terns is exposed
(Figure 1). As fish densities are increasing and nesting habitats become available, terns begin courtship
and egg-laying (Tibbs and Galat, 1998).

A relationship between water elevations or flow rates, the availability of sand island nesting habitat,
and use of these habitats by nesting least terns has been documented on a variety of interior river systems
(LMR, Smith and Renken, 1991; Lower Platte River, NE, Kirsch, 1996; Yellowstone River, MT, Bacon
and Rotella, 1998). However, it is unclear whether annual hydrologic variability affects least tern
reproductive success. Least tern reproductive success on interior river systerns has been shown to vary in
response to predation, flooding, human disturbance, weather (Thompson et al., 1997) and food availabil-
ity (Dugger, 1997). A relationship between water levels and causes of nest and chick loss such as predation
(Smith and Renken, 1990), flooding (Sidle et al., 1992; Smith and Renken, 1993), human disturbance
(Smith and Renken, 1993) and food availability (Dugger, 1997) has been observed for least terns nesting
on the LMR. Thus, we might expect to observe a relationship between certain hydrologic variables and
tern productivity. Our objective was to determine whether least tern reproductive success was directly

Figure 1. The relationship between tern reproductive chronology and the long-term annual hydrograph (1943–1995) (see Tibbs and
Galat, 1998) with monthly mean, minimum and maximum river elevations for the LMR at Caruthersville, MO; Rkm 1362
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associated with annual hydrology on the LMR. Successful conservation of the least tern and other
river-dependent biota requires an understanding of the population level impacts of current water
discharge and elevation, particularly as interior river systems continue to be altered and degraded.

METHODS

We monitored least tern nest colonies along the LMR adjacent to Missouri at river km (Rkm) 1521–1334
between Cairo, IL and the Missouri–Arkansas border from 1986 to 1992. In this river reach, all but one
of the sand islands available for use by nesting least terns occurred within dike fields and 14–16 sites were
available each year, depending on river stage. We used the total number of chicks fledged (NFL), chicks
hatched per pair (CHKP), and number of fledglings per pair (FLP) as measures of annual tern
productivity from 1986 to 1992. We also included the total number of breeding pairs (NOPR) to test for
hydrologic effects on total breeding population size, which might have density-dependent effects on
reproductive success. For details on the methodologies associated with these estimates, see Smith and
Renken (1993).

We did more intensive work on fewer colonies (only 3 or 4 per year) from 1993 to 1995 (Dugger, 1997).
Even though extremely high summer water on our sites in 1993 destroyed all eggs, chicks and fledglings
throughout the study area, we were able to include 1993 in some of the analyses. Water levels rose in early
July of 1993 and all sand islands between Rkm 1521 and 1334 were submerged by 15 July. Thus the
number of FLP on our entire study area in 1993 was zero, and although we could not calculate
population level measures of NOPR, NFL or CHKP because we did not monitor reproductive success at
all available sites, we were able to include the number of FLP for 1993.

We used daily river-stage readings from the US Army Corp of Engineers (S. Cobbs, Water Experiment
Station, Vicksburg, MS) for the Mississippi River at Caruthersville, MO (Rkm 1362) to generate
hydrologic variables. All of our tern nest colonies occurred below the confluence of the Ohio River at
Cairo, IL, south to Caruthersville, MO. Because no major tributaries entered this segment of the LMR
and channel width was relatively uniform throughout the Cairo, IL to Caruthersville, MO reach (x̄=0.73
km; 95% C.I. 0.66–0.80 km; n=24 transects from Navigation Charts; USACOE, 1998), the river stage
readings at Caruthersville provided an appropriate measurement of water levels affecting all of our tern
nest colonies. We compared the magnitude, timing, duration and rate of change (Richter et al., 1996) of
the spring flood pulse and water elevations during the summer low-flow period with tern fledging rates.
We used monthly mean river stages (sum of daily gauge readings/number of days in month), and the
maximum and minimum river stages for each month from April to July 1986–1993 (Figure 2) to reflect
LMR hydrology during the tern breeding season. In addition, we calculated the number of days from
April to July with water levels�79.5 m (DAYS) as this water elevation inundates many of the sand island
nest sites and either delays nest initiation or causes widespread nest and chick loss. We consider any water
elevation increase after the late spring stage reduction to constitute a ‘flood event’ since the long-term
hydrograph suggests stage decreases through August are typical (Figure 1). We used the highest water
level recorded for the period from April through June to represent the overall flood-pulse magnitude
(MAX). We calculated the difference between rnaximum and minimum water levels during the first spring
stage increase occurring from April to June to represent the magnitude or size of the spring flood pulse
(MAG). We divided the magnitude (m) of the spring stage reduction by the number of days it took to go
from the maximum gauge reading to the minimum as an index to the rate at which water receded in the
spring and least terns could initiate nests (RATE).

We tested all variables for normality using the Shapiro–Wilkes statistic (PROC Univariate; SAS, 1990)
and all were normally distributed except minimum water levels in April. Thus, Pearson correlation
coefficients were determined for each comparison, except April minima, for which Spearman ranks were
used (SAS, 1990; Sokal and Rohlf, 1995).

To avoid spurious significant correlations because of the large number of variables involved in the
correlation analysis, a Bonferroni correction (�/number of tests associated with each variable) was used
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Figure 2. Monthly mean, minimum and maximum LMR elevation at Caruthersville, MO for the years 1986–1993 overlaid on the
1943–1995 mean hydrograph. Solid line with triangles denotes mean and dashed perpendicular lines above and below mean denote

maximums and minimums. Smooth solid line denotes long-term mean
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to select significance levels for each group of comparisons (Stevens, 1992; Sokal and Rohlf, 1995). We
were interested in four reproductive variables and performed correlations between each of these variables
and 16 measures of hydrology on the LMR, thus a corrected �-level=0.05/16=0.003 was used to
indicate significance for these tests. We also compared NOPR with NFL, FLP and CHKP using a
corrected �-level=0.05/3=0.017 to determine whether reproductive success was density dependent.

RESULTS

Least tern reproductive success varied from 0 chicks fledged/pair in 1993 to 1.4 fledged/pair in 1988
(Table I). High spring flows (April and May) were not associated with increased tern reproductive success
(Table II), but the number of FLP decreased with increased mean and maximum July water levels (Table
II and Figure 3). None of the tern reproductive parameters were significantly associated with the
hydrologic variables we developed to reflect flood timing or duration (Table III). The NOPR was not
significantly correlated with any of the other reproductive measures including NFL (r=0.812, p=0.026),
FLP (r= −0.215, p=0.64), or CHKP (r= −0.394, p=0.38).

DISCUSSION

The strong negative relationship we observed between tern fledging success and July water levels suggest
high summer water levels decrease tern reproduction on the LMR. The detrimental effects of summer
flood events that inundate tern nesting habitat and destroy nests and chicks have been well documented
(e.g. Dryer and Dryer, 1985; Sidle et al., 1992; Schwalbach et al., 1993; Smith and Renken, 1993; Dugger,
1997). However, close examination of river elevation during this study discounts the effect of late season
water stage increases in all but two years. In 1989, water elevation in June exceeded 79.5 m, but total
annual nest loss was moderate (40% of 436 nests; Smith and Renken, 1993) because water levels receded
during July allowing terns to renest successfully. In contrast, terns experienced a total reproductive failure
in 1993 when mean water levels were �79.5 m in early July, eventually exceeding bankfull conditions
through late summer and fall, preventing any renesting. Thus, the flooding of nesting habitat associated
with high water levels in June or July clearly decreased reproductive success in 1989 and 1993, but timing
in addition to the magnitude of flooding is an important determinant of its overall impact on reproductive
success (Sidle et al., 1992; Kirsch, 1996).

The highest reproductive success we observed during this study occurred during years with the lowest
July water levels. The benefit of low water levels in July to tern reproductive success is not obvious, but
appears critical to long-term consistency in reproductive success. Low water late in the nesting season may
increase the availability of fish prey or least tern foraging efficiency by decreasing river volume, surface
area and water flow, while concentrating small fish in shoals, ephemeral shallow water habitats and

Table I. Estimates of least tern reproduction on the LMR from colonies adjacent to
Missouri during 1986–1993 (1986–1989; data from Smith and Renken, 1993)

Year No. pairs No. fledglings Chicks/pair Fledglings/pair

1986 275 141 1.01 0.5
0.71987 298 210 1.70

1.68 1.41988 277 392
0.73 0.21989 499 96

0.50.753347061990
0.71991 1135 836 1.07

1992 587 342 0.61 0.6
1993 0.0******

Mean (S.E.) 540 (117.9) 336 (93.2) 1.09 (0.17) 0.58 (0.15)
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Table II. Correlation coefficients and p-values for least tern reproductive parameters
and mean, maximum, and minimum gauge readings on the LMR at Caruthersville, MO
during 1986–1993

No. pairs No. fledglings Chicks/pair Fledglings/pair

0.579 0.458April mean 0.070 −0.549
p=0.17 p=0.30 p=0.88 p=016
0.699 0.256May mean −0.603 −0.783
p=0.08 p=0.58 p=0.15 p=0.02
0.481 −0.047June mean −0.653 −0.795
p=0.28 p=0.92 p=0.11 p=0.02
0.285 −0.258July mean −0.760 −0.947
p=0.54 p=0.58 p=0.05 p=0.0004
0.400 0.109April mina 0.275 −0.305
p=0.37 p=0.82 p=0.55 p=0.46
0.765 0.447May min −0.423 −0.675
p=0.45 p=0.32 p=0.34 p=0.07
0.575 0.046June min −0.670 −0.822
p=0.18 p=0.92 p=0.10 p=0.01
0.310 −0.198July min −0.706 −0.892
p=0.50 p=0.67 p=0.08 p=0.003
0.468 0.308April max 0.006 −0.505
p=0.29 p=0.50 p=0.99 p=0.20
0.608 0.184May max −0.628 −0.741
p=0.15 p=0.69 p=0.13 p=0.04
0.569 0.088June max −0.594 −0.664
p=0.18 p=0.85 p=0.16 p=0.07
0.144 −0.721 −0.821July max −0.969

p=0.76 p=0.07 p=0.02 p=0.0001

a Spearman correlation coefficients used for this test because minimum river stage in April was not
normally distributed.
Bold denotes correlations significant at correlated �-level=0.003.

Figure 3. The relationship between July maximum river elevation from the LMR at Caruthersville, MO and estimates of the number
of fledglings/pair for tern colonies between Rkm 1521 and 1334 during 1986–1993
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Table III. Pearson correlation coefficients and p-values for least tern reproductive parameters and hydrologic
variables calculated from river gauge readings for the LMR read from Caruthersville, MO during 1986–1993

Fledglings/pairHydrologic variable No. pairs No. fledglings Chicks/pair

No. days water�79.5 m (DAYS) 0.830 0.498 −0.314 −0.633
p=0.02 p=0.09p=0.26 p=0.49

Highest gauge reading: April–July (MAX) 0.665 0.256 −0.312 −0.686
p=0.10 p=0.58 p=0.49 p=0.06

Magnitude (m) of spring stage decrease (MAG) −0.718 0.213−0.557 0.416
p=0.07 p=0.19 p=0.62p=0.35

Rate (m/day) of spring stage decrease (RATE) 0.348 −0.021 −0.327 −0.292
p=0.44 p=0.48p=0.96 p=0.47

backwater areas. Because July is often the peak period for chick-rearing, lower water levels during this
time period could have direct benefits to tern reproductive success by influencing food availability. Tibbs
and Galat (1998) noted an increased catch/m3 of small fishes within the top 1 m of the water column in
shallow water habitats (�1 m deep) surrounding sand islands compared to deeper water habitats (�1 m
deep). Increased food availability and more effective foraging opportunities were observed for several
LMR fishes under low-flow conditions (Rutherford et al., 1995). Thus, if the total amount of shallow-wa-
ter habitat associated with sand island nest sites of terns, specifically the amount of water-sand interface
used by river fishes, increases as water elevations decrease, then fish concentration and availability to least
terns may also increase.

The benefits of low summer water levels may also be associated with an increase in the total amount
of suitable sand island nesting habitat for terns. Tibbs and Galat (1998) illustrated the conceptual link
between the spring stage decrease and habitat availability for least terns, and the continual exposure of
sand islands above the river for �100 days appears to be an important component of suitable tern
nesting habitat (Smith and Renken, 1991). However, a direct relationship between the amount of sand
exposed and colony nesting density or reproductive success has not been documented.

Our study demonstrates that hydrology during the summer low-flow period on the LMR is important
to least tern fledging success. However, seasonally high-flow periods are also critical to the creation and
maintenance of sand island nesting habitat (Sidle et al., 1992; Dugger, 1997). For example, the amount
of sand island habitat on the Missouri River below the Gavins Point Dam increased, on average,
eight-fold following an extremely high flow event in 1997 (personal communication, C. Kruse, US Army
Corp of Engineers, Omaha District, Omaha, NB). In addition, while extensive summer flooding in 1993
on the LMR resulted in floodplain inundation and complete reproductive failure of nesting terns in our
study area, it also yielded higher fall young-of-the-year fish densities than all catches combined during
1992 (Hrabik, 1994). Least tern forage fish abundance was probably enhanced by this summer flooding,
but any benefits to fledging success associated with increased food resources would not be evident until
subsequent years. Low water levels in July clearly benefit least tern annual fledging success, yet
uncommon high flow events can have beneficial effects on tern reproductive success in future years.

Despite potential benefits associated with high spring flow events, annual increases in water elevations
during the spring were not associated with any measure of tern reproductive success. The LMR is largely
disconnected from its floodplain through a mainstem levee system (Fremling et al., 1989), although a
narrow strip of seasonally inundated floodplain habitat still exists between the levees and the river channel
and is subject to flooding in most years (Klimas, 1988). However, only about 15% of the historical
floodplain habitat remains along the LMR (Baker et al., 1991) and extensive floodplain inundation
adjacent to our study sites occurs only when water levels exceed bankfull conditions (�82.5 masl at
Caruthersville, MO). During 1986–1993, bankfull conditions in the spring were exceeded for only 5 days
in 1990 and 14 days in 1993, but were well below this level during the rest of this study (Figure 2). Thus,
the potential benefits of nutrient cycling between the LMR and the floodplain during the annual spring
flood-pulse (Junk et al., 1989; Bayley, 1995) could not be realized by fish populations or their predators
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during most years of this study. Rutherford et al. (1995) also attributed a negative relationship between
river stage and growth rates of fishes to floodplain alterations on the LMR and a lack of connectivity
between the channel and its floodplain.

During most years of this study, mean water elevation in July was lower than the 53-year mean for July
(Figure 2). Thus, our results represent the relationship between tern fledging success and hydrology during
a relatively dry portion of the long-term hydrologic cycle. Whereas summer floods can reduce tern
reproduction, July water elevations that result in moderate nest loss (�79.5 m on our sites) occur
relatively infrequently on the LMR (1 of 8 years in this study, 10 of 53 years from 1943 to 1995). Summer
floods may have only minor effects on least tern population dynamics, as the species is relatively
long-lived (ca. 9 years; Massey et al., 1992) and presumably adapted to ephemeral habitats associated with
dynamic hydrologic cycles. Understanding the causal relationship between lower water levels and the
gradient of tern fledging success we observed is important and additional research during wetter portions
of the long-term hydrologic cycle is warranted. Successful conservation of the interior least tern will be
based on a thorough understanding of the interactions between population dynamics, habitat availability
and quality, and river hydrology, particularly as many interior river systems, including the LMR, continue
to be regulated.
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