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The productivity of aquatic ecosystems depends on the supply of
limiting nutrients. The invasion of the Laurentian Great Lakes, the
world’s largest freshwater ecosystem, by dreissenid (zebra and
quagga) mussels has dramatically altered the ecology of these
lakes. A key open question is how dreissenids affect the cycling
of phosphorus (P), the nutrient that limits productivity in the Great
Lakes. We show that a single species, the quagga mussel, is now
the primary regulator of P cycling in the lower four Great Lakes. By
virtue of their enormous biomass, quagga mussels sequester large
quantities of P in their tissues and dramatically intensify benthic P
exchanges. Mass balance analysis reveals a previously unrecog-
nized sensitivity of the Great Lakes ecosystem, where P availability
is now regulated by the dynamics of mussel populations while the
role of the external inputs of phosphorus is suppressed. Our re-
sults show that a single invasive species can have dramatic conse-
quences for geochemical cycles even in the world’s largest aquatic
ecosystems. The ongoing spread of dreissenids across a multitude
of lakes in North America and Europe is likely to affect carbon and
nutrient cycling in these systems for many decades, with impor-
tant implications for water quality management.
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Invasive species are well known to impact many aspects of
ecosystems, including biodiversity, food web structure, and
ecosystem functioning (1). The Laurentian Great Lakes, the
largest freshwater ecosystem on Earth, serve as a dramatic ex-
ample of large-scale reorganization of geochemical cycles by an
invader. Following the establishment of zebra and quagga
(dreissenid) mussels in littoral areas of the Great Lakes in the
late 1980s, nutrients and productivity were redirected to the
nearshore (2), while pelagic primary productivity declined by as
much as 70% (3-7). Having outcompeted zebra mussels, quagga
mussels now are abundant in most of the bottom areas in all of
the Great Lakes except Lake Superior, often at densities ex-
ceeding 10,000 individuals per square meter (8-11). The ex-
pansion of quagga mussels coincided with unexplained changes
in the abundances and distributions of other benthos (12) and
modifications to the structure and phenology of the phyto-
plankton community (13) and food web structure (14, 15). Less
attention was given to observations that pelagic concentrations
of phosphorus (P), the productivity-limiting nutrient in the Great
Lakes, decreased even while external P inputs remained steady
(16, 17). The dynamics of P have practical importance because
regulation of P inputs from the watershed has been the primary
tool for managing water quality in the Great Lakes. In particular,
reductions in P loadings are credited for the recovery from eu-
trophic conditions of the 1970s, and a further 40% reduction has
been proposed recently to curtail recurring algal blooms in Lake
Erie (18).

However, will the dreissenid-colonized lakes respond to fur-
ther reductions in P input in the same way they did in the past?
The unprecedented changes in the Great Lakes induced by
dreissenids warrant a reevaluation of P cycling and budgets,
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which need to account for mussel biomass and modified
benthic—pelagic exchanges. The problem extends well beyond the
Great Lakes: dreissenids have now been documented in thou-
sands of inland lakes and rivers in North America (19) and
Europe (20, 21) and may affect freshwater nutrient dynamics on
continental scales.

The dynamics of P concentrations in lake water are regulated
by the balance of P sources and sinks. These include inputs from
the watershed, removal with outflow, and net burial in sediments
(16, 22). The role of the benthic system is significant. Sediments
can recycle a large fraction of the deposited P and resupply it to
the water column. Before the dreissenid invasion, this recycled
fraction of P sedimentation varied from as little as 10% in Lake
Michigan to as much as 60% in Lake Erie (16), contributing 15
to 48% of all (internal and external) phosphorus inputs to the
water column (16). The efficiency of sedimentary P recycling also
determines the inertia with which P concentrations in the water
column respond to external inputs (16). When only a small
fraction of the deposited P is recycled, total phosphorus (TP)
concentrations respond with time lags of only a few years, even in
large lakes (16). Recent TP dynamics in the Great Lakes, how-
ever, seems to have been decoupled from external P loadings
(17), with change beginning shortly after the dreissenid invasion.

Significance

The ecosystems of the Laurentian Great Lakes have been dra-
matically reengineered by invasive bottom-dwelling dreissenid
mussels. A key question is whether this biological change has
altered whole-ecosystem biogeochemistry, in particular the
cycling of phosphorus, a key nutrient that limits biological
productivity in freshwater ecosystems. We show that phos-
phorus cycling in the invaded Great Lakes is now regulated by
the population dynamics of a single benthic species, the
quagga mussel. This qualitatively changes the responses of the
affected lakes to phosphorus inputs from watersheds, compli-
cates predictions, and necessitates a new paradigm for man-
aging these large aquatic ecosystems. Similar changes likely
play out in many other dreissenid-invaded lakes across Europe
and North America.
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Aquatic consumers can strongly impact the cycling of nutrients
(23-26). High abundances of dreissenid mussels in particular can
modify the sediment-water exchanges of phosphorus. As epi-
benthic filter feeders, dreissenids continually remove particulate
P from bottom water (27). Most (~90%) of the ingested phos-
phorus is remobilized (28): apart from a small portion incorpo-
rated into soft tissue and shell, P is either excreted into the water
column in dissolved form or egested onto the sediment surface as
feces and pseudofeces (27, 29, 30). The egested P is quickly
remineralized to dissolved P via microbial decomposition (31).
Mussel biomass P becomes mobilized over longer time scales
through decomposition of dead tissues, release of gametes, and
dissolution of shells (32). All of these processes modify the
natural exchanges of P between sediments and water column,
potentially affecting whole-system P mass balance. However, the
effects of dreissenids on the sedimentary P fluxes have been
evaluated in the Great Lakes only locally (27, 29, 30), and pos-
sibilities of regime-changing tipping points (33) or hysteresis in
the geochemical dynamics have not been explored.

Here, we show that the increase of invasive mussel biomass
and consequent enhancement of benthic P fluxes have pushed
the Great Lakes into a new dynamic regime where P concen-
trations and fluxes are controlled by mussel physiology and
population dynamics, while responses to external phosphorus
inputs have become muted. This regime is sensitive to biological
perturbations, responds more slowly to external regulation, and
presents unique challenges to managing these large ecosystems.

The Mass Balance Approach

We analyzed phosphorus mass balance with a dynamic model
(16), which was modified to explicitly consider the cycling of P
through mussel populations (Table 1, Materials and Methods, and
SI Appendix). In addition to simulating the concentrations of
total P in the water column (W), the model tracked P amounts in
living (My) and dead (Mp) mussel tissues, mussel shells (live and
dead shells, Msy), and egesta (feces and pseudofeces, Mgy).
Besides the traditional flux components of lake models—P in-
puts from watershed (/), removal with outflow (O), settling with
particles into sediments (Fgeqin), and recycling from sediments
(Fsed.out)—the model considered physiological fluxes: P uptake
into mussel biomass through filter feeding (Fp,;,), P released
through mussel excretion (F,¢y), egestion (E,,), and remineral-
ization of dead biomass and shells (Fp and Fgy). Physiological
flux rates may be affected by the life stages and size distributions
of dreissenid mussels. For example, mineralization of gametes
and nonviable veliger larvae may release P faster into the water
column than mineralization of the equivalent biomass of mature
mussel remains, and small mussels have higher mass-specific
excretion rates than large mussels (34, 35). As age and size dis-
tributions of mussels vary across lake environments (10, 34),
physiological parameters such as water clearance rate (the vol-
ume of water filtered through mussel bodies per unit time) and
mussel mortality rates were selected individually for each lake
(Table 1 and SI Appendix, Table S2). By necessity, these were
treated as average quantities over the entire lake, without ex-
plicit ties to mussel sizes, ages, or temporal and spatial hetero-
geneities in distributions. Such nuances, although potentially
important, were not simulated for lack of calibration data.

We present the results from both a linear model (Materials and
Methods, Table 1, and SI Appendix, section S2), in which mussel
growth is determined by food availability but not by the pop-
ulation density or habitat availability, and a nonlinear (logistic)
model, which accounts for increased mortality at high population
densities (Materials and Methods and SI Appendix, section S3 and
Table S2). The linear model is amenable to rigorous mathe-
matical analysis and demonstrates several important insights,
which help define some key limits for the water column phos-
phorus concentration. The dynamics simulated with the linear
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model are applicable for the initial expansion of mussels,
whereas the logistic model better describes the phosphorus dy-
namics if mussel populations eventually stabilize.

P inventories and fluxes were modeled on multiannual time
scales that are sufficiently long so that seasonal and spatial
patterns within the lake do not need to be resolved, and P pools
can be represented by their annual averages. As the Great Lakes
mix vertically every year, these conditions are generally fulfilled
over the 2- to 3-y time spans on which the waters are exchanged
laterally between basins (17). As our focus was on factors com-
mon to all dreissenid-invaded Great Lakes, influences important
in individual lakes were not included in the model but are dis-
cussed separately. For example, in Lake Erie, hypoxic events
induce mussel mortality in the deeper central basin but not in the
shallow western basin (45). This effect is taken into account by
adjusting the mortality rates in Lake Erie (Materials and Methods
and SI Appendix, section S4 and Table S2). In Lake Ontario,
mussel mortality induced by upwelling and predation by invasive
round gobies (11) were considered explicitly (Table 1). Model
results were calibrated to literature data and to the results of our
own measurements of benthic fluxes and mussel excretion rates,
which were quantified experimentally in Lakes Michigan and
Huron over a range of water depths and mussel population
densities (Materials and Methods and SI Appendix, Table S3).

Nondreissenid biota were not included in our mass balance
analysis. While the abundance of several benthic taxa, including
native unionid mussels, Diporeia spp. amphipods, and oligo-
chaete worms, changed following dreissenid establishment (46,
47), their preinvasion biomass was substantially lower than that
of dreissenid mussels, which now strongly dominate (>90%)
total benthic animal biomass in the Great Lakes (7, 8, 12, 47-49).
Therefore, changes in P dynamics caused by changes in abun-
dances of nondreissenid benthic consumers are likely small rel-
ative to the role of dreissenids.

Results

Comparing P pools and fluxes before and after the invasion
(Figs. 1 and 2) reveals that dreissenid mussels have become a
major agent of P cycling in all four of the invaded Great Lakes.
The tissues and shells of quagga mussels now contain nearly as
much phosphorus as the entire water columns of the impacted
Great Lakes (Figs. 1 and 2 and SI Appendix, Table S5). The
benthic fluxes of phosphorus scale with mussel biomass (Figs. 1D
and 2D) and the approximately linear relationship used by the
model (Egs. 2-5) falls within the range suggested by the site-
specific sediment incubations (Fig. 3 and SI Appendix, Table
S6) and the biomass-specific metabolic rates reported in litera-
ture (27, 29). Critically, mussel-colonized sediments exchange P
with the water column orders of magnitude faster than mussel-
free sediments (Figs. 1D and 2D). In Lake Michigan, for exam-
ple, dreissenid filter feeding outpaced passive sedimentation as a
sink for P around the year 2000 and now exceeds it >10-fold
(Fig. 1D). Excretion and egestion now resupply P from sedi-
ments into the water column an order of magnitude faster than
the preinvasion transport by molecular diffusion and bio-
irrigation (Fig. 1D). At ~8 times the rate at which P enters the
lake from watershed (Fig. 4), these fluxes now dominate not only
the sediment-water exchanges of P but also the P balance for the
entire lake (Fig. 4).

The net effect of the uptake of P and its recycling by dreis-
senids (Figs. 1D and 2D) depends on whether the mussel pop-
ulations are growing or declining. A growing population can
rapidly deplete phosphorus from the water column. In Lake
Michigan, sequestration into mussel tissues and shells accounted
for 20 to 40% of the total benthic P sink since around 2010
(Fig. 1D and SI Appendix, Table S7). Biomass increase may have
subsequently decelerated (Figs. 1C and 2C) as geographic ex-
pansion slowed down and population composition shifted to
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Table 1. Model parameters

Parameter Lake Michigan Lake Huron Lake Erie Lake Ontario
Volume, V (km®) 4,900 3,540 480 1,710
Water residence time, t (y) 62 (76) 21 (76) 2.7 (76) 7.5 (76)
Water flushing rate, y (y™") = 1/z (y™) 0.0162 0.0476 0.370 0.133
Average depth, Z (m) 85 59 19 86
Water column particle export efficiency, o* 0.24 0.30 SI Appendix, Table S2 0.24
Apparent settling velocity, v, (m - y’1) 19 (77) 17 (77) 37 (16) 19 to 29 (16)
Apparent settling rate, n = v./Z (y") 0.22 0.29 35 0.29
Sediment recycling efficiency, es = Fied.out/Fsed.int 0.15 0.15 0.60 0.15
Mussel egestion efficiency, egg = Em/Fm.in 0.36 (27) 0.36 (27) 0.36 (27) 0.36 (27)
Mussel excretion efficiency, eex = Fimn.ex/Fm.in 0.54 (27) 0.54 (27) 0.54 (27) 0.54 (27)
Mussel water clearance rate, R¢, (m®-y'. g7 ")+ 71 (<2010) 71 SI Appendix, Table S2 33

33 (>2010)
Mussels mortality rate, A (y~")§ 0.20 0.20 0.25 0.27
Phosphorus partition ratio into shells, asp’ 0.35 0.35 0.35 0.35
Reactivity of mussel remains, kp, (y~")# 18 18 18 18
Reactivity of mussel egesta, keg ™ 58 (31) 58 (31) 58 (31) 58 (31)
Reactivity of mussel shells, ks, (y~") 0.4 (32, 78) 0.4 (32, 78) 0.4 (32, 78) 0.4 (32, 78)

*Water column particles reach bottom waters and become accessible to mussels via passive settling or water column mixing. Particle export efficiency in Lake
Michigan was calculated as the fraction of particles from primary production that become deposited into sediments using carbon sedimentation rate and
average primary productivity (36, 37). Estimates for Lakes Huron and Ontario were obtained from an empirical relationship with water depth (38). The chosen
values of particle export efficiency produce premussel modeled TP that that are consistent with measurements.

Sediment recycling efficiencies for Lakes Michigan, Huron, and Ontario were assumed to be similar to those in well-oxygenated sediments in Lake Superior
(22), which is in the typical range for freshwater lakes (39). Higher recycling was used for Lake Erie where sediments are anoxic or with very shallow oxygen
penetration (40).

*Mussel water clearance rate R (m® -y’ - g7") is a fitting parameter. Literature estimates are in the range 18 to 280 m®-y~' . g SFDW~' (18 m®.y~". g~" for
zebra mussels at low seston concentrations similar to the Great Lakes (41); 44 m?.y~". g~ for quagga mussels in Lake Michigan at 2 to 7 °C (13); and >75 to
280 for quagga mussels in Lake Michigan estimated from egested biogenic silica (29)). Our modeled R¢, is at the lower end of the range. The populations of
larger sized mussels (>10 mm) in Lake Michigan were considerably larger in 2015 compared to 2010, which likely contributed to the continued increase of
biomass despite declines in population density (10). We adjusted the water clearance rate accounting for this effect.

5The fraction M(t)/M(0)= e~ is the probability that a mussel will reach age t. The mean residence time (life span) of a mussel is therefore the integral over
ages 0 to infinity, or life span = [e Mdt = 1/i. The mortality rate of 0.20 to 0.30 y~' corresponds to a life span of ~3 to 5y. The life span of zebra mussels was
estimatedtobe4to7y (A=0.14100.25 y‘1), specific to environments (42). We use an average life span of 4 to 5y for Lakes Michigan, Huron, and Ontario (A =
0.2 to 0.30 y~'). The mortality constant should indirectly account for the release of gametes and nonviable veligers, as we do not model this separately.
Mortality rates between 2005 and 2010 in Lake Ontario were increased to 1y~', taking into account the increases in predation pressure caused by invasive
round gobies (11, 43).

YThe mass ratio of shell:tissue (dried) is about 16.8 (dry tissue accounts for 5.6% of TDW (44); also measured to be ~6.0% in zebra mussels). Therefore, the
shell = 0.94 TDW and SFDW = 0.056 TDW. P composition in soft tissue and shells was measured to be 6.2 mg/g SFDW and 0.15 mg/g shell on average,
respectively (S/ Appendix, Table S4). Therefore, P composition in shells = 0.15 mg/g shell = 0.15 mg/g x 0.94 TDW = 0.141 mg/g TDW; P composition in tissue =
6.2 mg/g SFDW = 6.2 mg/g x 0.056 TDW = 0.35 mg/g TDW. Therefore, the P partition ratio into the shell is ag, = 0.35.

#Dead mussel tissues decompose within several weeks. Using 2 wk as half-time, kp = —In(1/2)/(14 d) = 0.0495 d'=18 y’1. The model is not sensitive to kp.

larger and older mussels (10). Larger mussels have lower mass-
specific filtration and growth rates (50). When mussel pop-
ulations decline, phosphorus from decaying biomass may be
quickly resupplied into the lake. In the mid 2000s, mussel pop-
ulation growth reversed temporarily in lakes Ontario and Erie.
In Lake Ontario, biomass declined from 2003 to 2008 in shallow
(10 to 30 m) areas, coincident with increases in the populations
of invasive round gobies, which can exert strong predation
pressure on dreissenids (11, 43) (Fig. 1). In Lake Erie, mussel
biomass fluctuated dramatically, especially in the western and
central basins (Fig. 2), likely in response to hypoxia (51, 52).
Simulations of these effects (Figs. 1 and 2) show that mortality
can quickly increase the TP concentrations in the water column,
while resumed population growth has the opposite effect.

Discussion

Animals can influence nutrient dynamics in aquatic ecosystems
by sequestering, remineralizing, or physically moving nutrients
between habitats (23-25, 53). Whereas the biogeochemical
consequences of animal invasions, including those by dreissenids,
have received some attention (26, 44, 54, 55), important gaps in
understanding the whole-ecosystem biogeochemical effects of
invaders remain (56-58). Here, we show how an invasive bivalve
has reengineered nutrient dynamics in the world’s largest
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freshwater ecosystem, with large implications for ecosystem
functioning and water quality management.

A New Dynamic Regime. Quagga mussels have qualitatively
changed the phosphorus dynamics in the Great Lakes, in terms
of both phosphorus availability in the water column and the time
scales on which it fluctuates and adjusts to changes in P inputs.
The difference can be illustrated by analyzing the specific factors
that determine P availability in the water column. TP concen-
trations in dreissenid-free lakes reflect mainly the balance be-
tween external inputs and P removal to outflow and net
sedimentation (S Appendix, section S1 and Eq. 15). If conditions
remain approximately constant, within several years, TP con-
centrations approach their theoretical steady state value (Wsr),
which can be calculated from Eq. 15.

In contrast, the postinvasion P concentrations in the Great
Lakes respond strongly to changes in mussel biomass and are
continually affected by mussel population dynamics. The dy-
namics of the mussel populations and phosphorus concentrations
are interlinked. One potential feedback involves limitation of
dreissenid growth by the availability of phytoplankton food (53).
As the abundance of phytoplankton is tied to the availability of
the productivity-limiting nutrient (P), mussel growth rates may
be assumed approximately proportional to the water column
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Fig. 1. Temporal dynamics of phosphorus pools and fluxes in Lakes Michigan, Huron, and Ontario. (A) External P inputs (/) (60); (B) TP concentration in the
water column during spring overturn. Symbols are measured data from the literature [0 (6, 17); V (7)]. Lines are model results: the dynamic simulation (solid
black), the theoretical equilibrium value for a mussel-free system (Wsr; blue dotted), and the asymptotic value after mussel invasion (Wy; red dotted). (C)
Phosphorus amounts within the mussel pools, converted to concentration units using the respective lake volumes to simplify comparisons. P inventories in live
mussels (red stars) were calculated from measured mussel biomasses (8-11) using the measured 6.2 mg P per gram of SFDW (S/ Appendix, Table S4). (D) The
temporal evolution of benthic fluxes. Shading marks the regions of extrapolation. Note the different scales for the y-axes.

concentration of phosphorus (W) (Egs. 2 and 9). Mussel pop-
ulations then may stabilize upon reaching a low enough con-
centration of phosphorus (Wy; Eq. 17). When the balance
between growth and mortality is therefore determined by mussel
physiology (Eq. 17 in our formulation; see also SI Appendix,
section S2), the asymptotic concentration after mussel invasion
W is different from the predreissenid equilibrium TP level Wsr
(Eq. 15). While Wgr is defined by the physical and biogeo-
chemical characteristics of the water column and sediment, the
concentration limit W), in our model is dependent on mussel
physiology and is rather independent of the external P loading
(as in Eq. 17). The system then has the capacity for two quali-
tatively different dynamics. One reflects the preinvasion regime
where fluxes induced by mussels are negligible, and P concen-
tration is stabilized at Wgr by the preinvasion mass balance (Eq.
15). Another is controlled by mussel physiology and population
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dynamics: mussels sequester P until their growth becomes lim-
ited, and phosphorus concentration in the water column (W)
asymptotically approaches Wy (Eq. 17; see SI Appendix, section
S2 for detailed explanation). When mussels proliferate, there-
fore, biological fluxes begin to dominate P cycling, and the ex-
ternally controlled regime yields to the regime that is controlled
by the dynamics of mussel populations.

Of course, mussel biomass may be constrained by factors other
than food supply, such as available sediment space or the effects
of high population densities on growth or mortality. Our simu-
lations that consider a logistic increase in mortality (see Materials
and Methods and SI Appendix, section S3) illustrate that when
the population stabilizes (Fig. 5, and as in Lake Erie, Fig. 2), TP
concentrations begin approaching Wsr again (Fig. 5) (see SI
Appendix, section S3 for mathematical explanation). In a crucial
difference from the mussel-free regime, however, the approach
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Fig. 2. Temporal dynamics of phosphorus pools and fluxes in the three basins of Lake Erie. (A) External P inputs (/) (18, 60, 72, 75). (B) Total phosphorus (TP)
concentration in the water column during spring overturn. Symbols are measured data from the literature (17). Lines are model results: the dynamic sim-
ulation (solid black), the theoretical equilibrium value for a mussel-free system (Wsy; blue dotted); and the asymptotic value after mussel invasion (W, red
dotted). (C) Phosphorus amounts within the mussel pools, converted to concentration units using the respective lake volumes, to simplify comparisons. P inventories
in live mussels (red stars) were calculated from measured mussel biomasses (10, 45, 74) using the measured 6.2 mg P per gram of shell-free dry weight (S/ Appendlix,

Table S4). (D) The temporal evolution of benthic fluxes. Shading marks the regions of extrapolation. Note the different scales for the y-axes.

to Wsr takes significantly longer than before the invasion
(Fig. 5), as some of the externally supplied P continues to be
directed into the biomass. The results indicate that the timing
and the trajectory of the approach are strong functions of poorly
constrained physiological parameters, such as the degree of
nonlinearity in the mussel mortality rate (see also SI Appendir,
Fig. S4 for a simulated trajectory following a rapid collapse in
mussel biomass).

This analysis allows us to obtain the theoretical limits for the
TP trajectories in the Great Lakes, as mass balance dictates that
they should remain within the range bounded by Wy, and Wgr
(see SI Appendix for details). If quagga mussel populations
continue to increase, TP concentrations in Lakes Michigan and
Huron may be expected to decrease further, stabilizing in the 2
to 3 and 1 to 2 ug/LL range, respectively, corresponding to ultra-
oligotrophic conditions (Fig. 1). In Lake Ontario, TP concentrations
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would be expected to stabilize around 4 ug/L, slightly below their
present levels of 6 ug/L (Fig. 1). The decline in TP may stop if
mussel expansion into the profundal areas slows down or biomass
stabilizes for some other reason. In that case, TP concentrations
may slowly rebound to the Wgr values that reflect external
P loadings: as high as 4 ug/L in Lake Michigan, 3 ug/L in Lake
Huron, and 8 ug/L in Lake Ontario (Fig. 1). As mussel biomass no
longer increases in Lake Erie, the dreissenid effect on TP con-
centrations in the lake is weakening (Fig. 2), and the relatively
short hydrological residence time (~3 y) should keep this lake
responsive to external P inputs.

Reduced Sensitivity to External P Inputs. The cycling of large
amounts of P through quagga mussel populations transfers the
control of P dynamics away from external inputs. Mussel growth
(or mortality) can take up (or release) large quantities of
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P, offsetting or overshadowing the effects of external loading.
For example, in Lake Michigan, the entire annual input of
P from watershed (4 Gg P) may be absorbed by an increase in
mussel biomass of less than 50% (Fig. 4). Unimpeded growth of
the population, if realized, would continue depleting TP from the
water column even if the external P inputs returned to their
1970s levels (SI Appendix, Fig. S14). Rapid increases in mussel
biomass are not unrealistic, as they have been observed in the
Great Lakes as well as in other systems (59). It is not yet clear at
what levels the dreissenid populations will stabilize in Lakes
Michigan and Huron, nor whether they are likely to experience
strong fluctuations, such as the recent ones in Lakes Ontario and
Erie (10, 11).

One may explore a theoretical possibility of curtailing mussel
growth by limiting the external inputs of P to levels where the
decreased primary productivity would cause their starvation.
Below a certain threshold, the water column TP is expected to
drop below the minimal level (W) required for mussel growth
(SI Appendix, section S2 and Fig. S1B). TP would then be again
controlled by external input, approaching Wsr (Eq. 15 and SI
Appendix, Fig. S1B). For Lakes Michigan and Huron, achieving
this is impractical, as the external inputs would need to be cut 60
to 75% to ~1.4 Gg Ply (SI Appendix, Fig. S2). Atmospheric in-
puts alone contribute ~0.3 Gg P/y in Lake Michigan (60), and
combined atmospheric and inflow contributions contribute
0.8 Gg P/y to Lake Huron (60). In Lake Ontario, the threshold
value is higher, at 2.2 Gg P/y, and theoretically may be realized
(81 Appendix, Fig. S2). Even if the external inputs were to drop,
however, the legacy P within the mussel biomass would prolong
the response to over 20 y (SI Appendix, Fig. S1B). In Lake Erie,
nevertheless, reducing external inputs is likely to limit mussel
growth over a reasonably short time scale of several years (SI
Appendix, Fig. S3). This has practical significance, as the 2019
US-Canada agreement calls for a 40% reduction in TP loadings
to the western and central basins of Lake Erie, from the 2008
baseline, to combat algal blooms and hypoxia. In the case of
Lake Erie, such a reduction appears to have a high chance of
success in controlling TP levels.

The weakened response to external loading complicates the
management of invaded lakes, by decreasing the effectiveness of
one of the primary tools for regulating their trophic status.
Monitoring and control of external inputs, however, remain
important, both because the external inputs become important
again if mussel populations eventually stabilize (Fig. 5) and
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because nutrient loading may increase mussel growth (SI Ap-
pendix, Fig. S14 (53)). Even if the phosphorus concentrations in
the water column remain low, accumulation of P in mussel
biomass (SI Appendix, Fig. S14) creates a high risk of large and
unpredictable changes in the system if mussel biomass suddenly
declines (e.g., as in Lakes Erie and Ontario, Figs. 1 and 2), re-
leasing P into the water column (SI Appendix, Fig. S4).

The New Unpredictable Future. Our results show that introduction
of a single species may shift even large aquatic ecosystems into
new dynamic regimes from which they may be slow to return.
Quagga mussels have changed P cycling in the Great Lakes by
transiently storing large quantities of P in their biomass, drasti-
cally modifying the rates of benthic—pelagic exchanges through
their biological activities and affecting the long-term properties
of sediments by modifying their chemical composition. The
phosphorus dynamics in the Great Lakes now depend strongly
on the dynamics of invasive mussel populations and less on ex-
ternal P inputs. These changes make this large ecosystem less
manageable and portends larger uncertainties. As evident in
recent data, large fluctuations in TP may occur for reasons that
may be difficult to identify and control (Figs. 1 and 2). Meta-
analysis of invaded systems indicates a wide range of dreissenid
population dynamics (59). In some systems, mussel populations
undergo large periodic cycles (35); in others, they stabilize, and
yet some experience booms, substantial declines, or irregular
fluctuations (20, 61-63). These dynamics may be driven by
system-specific and often unpredictable ecological characteris-
tics, such as predation (64), current and wave scour (65), hypoxia
(51), extreme temperatures (66), changes in food resources, or
competition within Dreissena populations or with new invaders
(67-69). This poor predictability of mussel populations now
complicates projections for whole-ecosystem productivity.

Regulation of phosphorus dynamics by benthic invaders may
also lead to broader geochemical effects. As the productivity-
limiting nutrient, phosphorus influences the cycles of other key
elements such as carbon and nitrogen. Phosphorus scarcity leads
to oligotrophication, while mussel activities redirect carbon from
water column into the benthic system. Redirection of organic
material into the sediments, the hotspots of nitrogen removal
(70), may well result in long-term changes in the nitrogen cycle.
By controlling geochemical cycling, mussels now control multiple
ecosystem processes, including changes in water quality, primary
and secondary production, phytoplankton community and phe-
nology, and food web structure (3, 6, 7, 13-15). Similar scenarios
likely play out in many other large and small invaded lakes across
the continent (44).

Our analysis indicates several ways in which the understanding
of the Great Lakes ecosystem can be improved under the new,
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Fig. 4. P budget in Lake Michigan (estimated for year 2020). P pools are
shown in parentheses and fluxes are in gigagrams per year. For other lakes,
see S/ Appendix, Tables S5 and S7.
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Fig. 5. Effects of mussel growth dynamics on TP concentrations (for Lake

Michigan). (A) The dynamics of TP concentration (W) in the water column.
Dashed black: under mussel-free conditions, TP quickly approaches the
theoretical steady state value Wsr (dotted blue) controlled by external
loading. Solid black: when mussel populations grow unchecked (linear
growth model), W approaches the fixed asymptote Wy, (dotted red). Solid
gray: under bounded logistic growth (A = Ao[1 + gM]; q = 0.02 Gg™"), the
asymptote Wy, (dotted purple) itself evolves, eventually approaching Wer.
When mussels are present, TP concentrations approach their respective
equilibria much more slowly than in the absence of mussels. (here, the ex-
ternal loading of P and water clearance rate were the same as in Fig. 1). (B)
TP amount (converted to concentration units using the volume of Lake
Michigan) in mussel tissues for the two growth models: the linear model
(solid red) and the logistic model (solid purple). Red stars correspond to data
calculated from measured mussel biomasses (8-11) using the measured value
of 6.2 mg P per gram of SFDW (S/ Appendix, Table S4).

mussel-dominated, dynamic regime. While monitoring of exter-
nal phosphorus loads remains important, routine tracking of
mussel biomass and distributions (59, 71) should be continued
and can be improved by increasing the spatial resolution and
reporting times of the ongoing programs. Mussel monitoring
programs should also continue to track and report changes in
mussel demographics, particularly size distributions and changes
in abundance of veliger larvae and juvenile mussels. These data
are needed to constrain mussel fertility and mortality parame-
ters, which our modeling indicates strongly affect P dynamics.
These data will also help determine potential limits to mussel
biomass growth due to factors such as substrate availability or
predation pressure. Further biological research is needed to
constrain the physiological parameters that determine the the-
oretical limit for the whole-ecosystem phosphorus concentration
(W) and for which only limited data are currently available (27,
44). These parameters include the rates of dreissenid filtration,

Li et al.

Benthic invaders control the phosphorus cycle in the world’s largest freshwater ecosystem

egestion, excretion, and shell production, the elemental com-
position of mussel tissues and biodeposits, and the variations of
these parameters with environmental conditions. Finally, an as-
pect that was largely outside of the scope of our present analysis,
but which may ultimately determine the new equilibrium in
benthic—pelagic P exchanges, is the effect of dreissenids on
sediment biogeochemistry. Mussel biodeposits can change the
reactivity of sediment organic matter, dense mussel colonies can
physically limit the penetration of oxygen into sediments, and
extirpation of native Diporeia amphipods modifies bioturbation
patterns. These changes can strongly affect the recycling of
phosphorus in the sediments and in the long term may become a
key factor affecting the phosphorus dynamics after dreissenid
populations stabilize. Characterizing these unknowns will help
predict the future of the Great Lakes ecosystems in this new era
of invader-controlled geochemical cycles.

Materials and Methods

The Model. The mass balance model was adapted from ref. 16. As the Great
Lakes mix annually, on the multiannual time scale, the water body can be
considered well mixed. Accordingly, the model does not resolve spatial
variability within the water column (except in the three distinct basins of
Lake Erie), nor does it simulate seasonal dynamics: model variables should be
considered as annual averages within the entire lake (S/ Appendix). Water
column phosphorus concentrations are approximated by the TP measured
during spring overturn. Mussel mortality rates, water clearance rates (the
rate at which mussels pass water through their bodies while filter feeding),
and other physiological parameters are also treated as average values for
each lake. They are not explicitly dependent on mussel sizes, ages, or
morphs. Where appropriate, unit conversions between inventories (grams)
and concentrations (grams per cubic meter) were made using the respective
lake volumes (Table 1 and S/ Appendix).

Changes in P inventories (grams) were tracked in five pools: water column
(W), living mussels (M,), mussel tissue remains (dead mussel tissues; Mp),
mussel shells (Msy,; including shells of live and dead mussels), and mussel
egesta (feces and pseudofeces; Mgg). The temporal dynamics are described
by a system of coupled ordinary differential equations:

% = I(t) — O — Fed.in + Fsed.out — Fm.in + Fm.ex + Fo + Feg + Fsh, M1
% = (1 —ash)(Fm.in — Fm.ex — Em) — AML, 21

% = asp(Fmin — Fm.ex — Em) — Fshs 3]

dgzo =AMy - Fp, 4]

dg/l:g = Em — Feg. 51

Here, the fluxes on the right (grams per year) are external input (/) of P from
watershed, P removal with outflow (O), sedimentation (passive particle
settling into the sediments Fyq.i,), flux out of sediment into the water col-
umn (Fed.out), Uptake through mussel feeding (Fm.in), mussel excretion of P
(Fm.ex), mussel egestion of P (), P release from degradation of mussel re-
mains and egesta (Fp and Feg), and dissolution of shells (Fs,). Mussel mor-
tality is described by a mortality rate constant (). Partitioning coefficient
(as,) describes the proportion of P incorporated into shells.

External phosphorus inputs, /(t), including point sources, tributary, up-
stream contributions (from Lake Michigan to Huron via the Straits of
Mackinac, Lake Huron to Erie via the St. Clair River, and Lake Erie to Ontario
via the Niagara River), and atmospheric inputs, were taken from literature
(60, 72, 73). Outflow is calculated as proportional to nutrient inventory
(concentration) in the lake:

O=yw, [6]

where y (year™") is the inverse of the hydrological residence time. The av-
erage sedimentation of phosphorus with passive particle settling is treated
similarly to ref. 16 and considered proportional to the nutrient’s total
amount in the water column:
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1Z
Fsedin =W = ?a w, [7]
where 7 is the apparent settling rate, v, is the apparent settling velocity, and
Z is the average depth. The return phosphorus flux from sediments, Fieq.outs
is defined as the fraction of sedimentation flux, Feq.in:

Fsed.out = €sFsed.in, [8]

where e, is the sediment recycling efficiency. The effects of mussels on
sediment recycling efficiency are not known. For linear simulation, we keep
this parameter a constant.

Mussel ingestion (by filter feeding) depends on food availability and is
assumed proportional to the concentration of phosphorus W, the
productivity-limiting nutrient. The amount of P assimilated per unit time per
gram P of mussel biomass is proportional to the water clearance rate by
mussels, Re (per year per gram), scaled by the fraction of particles that es-
cape decomposition in the water column and reach the bottom, w:

Frn.in = @RqWM. [9]

Water clearance rates were adjusted to individual lake conditions (Table 1
and S/ Appendix, section S2). Excretion (of dissolved P) and egestion (produc-
tion of biodeposits) were described as fixed fractions of the ingestion flux:

Fm.ex = eexFm.in, [10]
Em :5EgFm.in- [11]

Release of P from remineralization of dead tissues, egesta, and shells were
described using respective kinetic parameters (year™") for reactivities of
mussel remains (kp), egesta (kgg), and shells (ksp,):

Fo = kpMp, [12]
FEg = kEgMEg: [13]
Fsh = kshMs. [14]

The values of all model parameters are listed in Table 1 and S/ Appendlix, Table
S2. The model was calibrated to literature data on P concentrations and mussel
biomass by adjusting parameters to fit the temporal trends over the past 50 y.

The Asymptotic Steady States. For given external loading /, in the absence of
mussels, the TP concentration in the water column approaches the steady
state value (see ref. 16 and S/ Appendix, section S1 for details):

]

= - 15
(r +n—esn) (151

Wer

When mussels are present, the water column phosphorus concentration (W)
cannot stabilize if the biomass changes because Eq. 1 depends on mussel
biomass. A stable biomass would require balancing growth and mortality,
which in the model can be expressed (combining Eqgs. 2 and 9-11) as follows:

dm,

TtL = (1 — asn)wRa (1 — sex — s6g) WML — AM = 0. [16]
In a linear approximation where the rate constants (egg, ex, Rci, and 1) are
independent of biomass M|, the balance (achieving zero right-hand side in
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Eq. 16) does not define the value of M|, which must be determined from
other considerations. This balance, however, defines the asymptotic concen-
tration of phosphorus at which the growth stops S/ Appendlix, section S2):

A
" (1= ash)(1 — eex — eeg)0Rcl’

W [17]

As Wy, is different from Wit (Eq. 15), achieving the steady state of Egs. 1 and
2 simultaneously is impossible. The phosphorus concentrations (W) approach
Wst when the dreissenid-driven fluxes are small, and W), otherwise. A global
steady state may be achieved when the biomass is affected by higher-order
factors, such as increases in mortality at higher biomass. We use a logistic
model to simulate these effects (S/ Appendix, sections S3 and S4).
Analytical methods.

Mussel P content. Phosphorus content was measured in mussel tissues and
shells collected from multiple locations in Lake Michigan (S/ Appendix, Table
S4) on board the research vessel (R/V) Blue Heron in the summers of 2018
and 2019. Soft tissues were removed from shells and shells were thoroughly
cleaned. Tissues and shell samples were dried at 60 °C and ground into fine
powder before analyses. P content in the samples was determined spectro-
photometrically using a SEAL Analytical AQ400 discrete analyzer following
combustion (4 h at 450 °C) and persulfate digestion.

Benthic fluxes. Benthic fluxes of P were measured in sediment cores col-
lected from several mussel-colonized locations in Lake Michigan (S/ Appen-
dix, Table S3) using an Ocean Instruments Multi-Corer. Intact sediment cores
of internal diameter 94 mm were incubated at the in situ temperature of
4 °C at 75 to 100% of the in situ oxygen concentrations for up to 6 d, with
overlying water being continuously stirred with magnetic stirrers rotating at
33 rpm. Samples of overlying water were withdrawn at regular intervals,
filtered through 0.2-ym pore size filter, and analyzed for soluble reactive
phosphorus (SRP) by standard molybdenum blue colorimetric method using
an ultraviolet-visible spectrometer. The SRP fluxes from sediments obtained
from the observed increases in SRP concentrations represent total net effect
between P loss to sediment (sorption and uptake) and P release (mussel
excretion, degradation of mussel biodeposits [egestal, and sediment P re-
lease). To compare experimental data to model results, mussel biomass in
the incubation cores were determined by quantifying mussel total dry
weight (TDW). P content was calculated using the P content in tissue of
0.35 mg/g TDW (Table 1).

Mussel excretion rates were independently quantified (S/ Appendix, Ta-
bles S3 and S6) using quagga mussels collected with a Ponar grab. Mussels
were cleaned of biofilm and incubated for 3 h in closed containers at the
in situ temperature (4 °C) in the dark. SRP analyses were performed by
molybdenum blue colorimetric method using a SEAL Analytical AQ400 dis-
crete analyzer. Mussels used in incubations were removed from their shells
and dried in a drying oven to determine shell-free dry weight (SFDW). P
content was calculated using the P composition in tissue of 6.2 mg P/g SFDW
(Table 1 and S/ Appendix, Table S4). Mussel egestion was assumed to be 67 %
of excretion (27).

Data Availability. All study data are included in the article and/or S/ Appendlix.
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