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Low buffering capacity and slow recovery of
anthropogenic phosphorus pollution in watersheds
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Excess anthropogenic phosphorus in watersheds, transported with runoff, can result in aquatic eutrophication, a serious global
water quality concern. Watersheds can retain phosphorus, especially in their soils, which can serve as a buffer against the effect
of excessive use of phosphorus. However, whether there is a quantifiable threshold at which a watershed exceeds its optimal
phosphorus buffering capacity (beyond which riverine loads would dramatically increase) remains unknown. Here we quantified a watershed phosphorus buffering capacity threshold based on accumulation data over 110 years in 23 watersheds of a
large North American river basin with globally representative agricultural soils. We found a surprisingly low threshold of just
2.1 t P km−2 (0.03–8.7 t P km−2). Beyond this, further P inputs to watersheds cause a significant acceleration of P loss in runoff.
Using a simple exponential decay model, the time estimated to eliminate legacy P via runoff in our watersheds ranges from
~ 100 to over 2,000 years. The rapidity with which the watershed buffering threshold can be surpassed during accumulation,
particularly given current anthropogenic phosphorus input rates, versus the long return to baseline suggests that new strategies to reconcile watershed activities and water quality are urgently needed.

H

uman activities have fundamentally altered the phosphorus
(P) cycle1. Fertilizer application to crops, and human sewage,
result in high P inputs to watersheds, which increases P transfer to surface waters2. This often leads to eutrophication3, a major
economic and public health concern4 that is global in scope5,6. The
ability to predict P inputs to aquatic ecosystems is made difficult
by the lithophilic properties of P, which creates time lags between
anthropogenic P inputs to watersheds and resulting eutrophication7,8, and increases the stochasticity9,10 of P transfers along the
land–freshwater continuum. Understanding the long-term dynamics of P fluxes at the watershed scale, where both biophysical and
technological retention mechanisms operate (such as in natural
wetlands or sewage treatment plants), is essential to better manage
human activities and maintain water quality11,12. To do so effectively
requires quantification of the P buffering capacity, defined here
as the ability of a watershed to modulate P export to downstream
waters by retaining excess P in different landscape compartments or
modulating its release downstream.
The mechanism behind P buffering has been studied primarily in laboratory sorption extraction experiments, which help to
better understand the exchange rates between dissolved (bioavailable) and inert mineral P forms13–15. However, it is unclear
how this sorption–desorption mechanism translates to transport
dynamics of the entire P pool at the watershed scale. The buffering capacity of a watershed will probably influence the rate of P
loss to surface waters, during both the accumulation and depletion
phases of P flux in watersheds16. Anthropogenic P that accumulates
in the watershed over time, known as legacy P, is a form of storage, but this stock can also act as a chronic, diffuse source of P to
downstream waters, even when new inputs are stopped12. Indeed,
legacy P may be problematic for decades or even centuries3,17,18, and
is increasingly being recognized as a major contributing source of
P load in contemporary eutrophication7,19. Unfortunately, the time
lags that affect legacy P and its impact on aquatic ecosystems are

highly uncertain and probably watershed-specific due to the different landscape features, socio-ecological characteristics and histories of the watersheds7. Furthermore, as P accumulates in the
watershed, there may be a tipping point, or threshold level of accumulation, beyond which the P buffering capacity of the watershed
is reduced and P delivery to surface water increases substantially.
There is evidence, at the scale of individual plots, of a potential
P buffering capacity tipping point, where the threshold of soil P
sorption saturation14,15,20 is defined as the point where P mobility
increases within the soil matrix14,15. However, it is still unknown
whether excess P released in the soil solution enters surface water
downstream, or is intercepted in other landscape compartments
along its flow path, such as in riparian wetlands or aquatic sediments21,22. A more comprehensive metric is needed that considers
all P inputs and determines the threshold of P buffering capacity at
the watershed scale during accumulation.
To identify whether there is a threshold at which P retention
capacity starts to decline as a function of P accumulation, and to
quantify the time lags involved in a return to baseline conditions
if anthropogenic P surplus ceases, we reconstructed 110 years of P
fluxes in 23 watersheds in the St Lawrence Basin (Québec, Canada;
Supplementary Fig. 1)23. The St Lawrence Basin is the second largest drainage basin in North America, and is subject to intensive
agriculture, with soils characteristic of many temperate agricultural
regions around the world24. Our historical reconstructions provide
a unique data set with a wide range of P enrichment across different landscape and land-use development features in the sub-watersheds (Supplementary Table 1), which span the current P input
rates in basins of similar size from other temperate regions25,26.
This unique data set makes the St Lawrence Basin an excellent
model system for testing these important questions related to
legacy P at the watershed scale. We considered all anthropogenic
sources of P inputs to these watersheds. We then compared P riverine export with the P accumulated across 23 different watersheds to
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Fig. 1 | Threshold of watershed P buffering capacity. Relationship between riverine TP export from 1985 to 2011 and watershed P stocks accumulated
since 1901. Each colour represents one of the 23 watersheds, and each coloured dot is a different year for a single watershed. The legend is presented in
the order of appearance of watersheds in the plot, from low to high P accumulation levels. Black dots show per-watershed mean values that were used to
perform the segmented regression analysis.

determine the threshold for P buffering capacity. To estimate time
lags in recovery for each individual watershed, we modelled P stock
depletion via runoff as an exponential decay process, although a
range of plausible scenarios that may influence the rates of P runoff
were considered.

Threshold for optimal watershed P retention

We identified a breakpoint (P < 0.001) in the relationship (R2 =  0.80)
between watershed P accumulation and riverine total P (TP) export
at 2.1 t P km−2 (range 0.03–8.7 t P km−2, 95% CI; Fig. 1), which we
call the P buffering capacity threshold. Up to this threshold, watershed P accumulation had no significant influence on P transferred
to surface waters, but the significant positive slope (P <  0.001) of
the second segment of the breakpoint regression showed a dramatic
increase in riverine TP exports with P accumulation. Compared to
the level of accumulated P observed in our most enriched watershed (50–100 t P km−2; Fig. 1), the threshold is surprisingly low, even
when we consider the maximum value in our confidence interval,
indicating that these watersheds have limited capacity to cope with
additional P without impacting downstream waters. Furthermore,
this threshold value was reached very rapidly.
When we examined our historical reconstructions of accumulated P, we found that more than half of the watersheds in this study
had crossed the P buffering capacity threshold by the 1950s or 1960s
(Fig. 2), with some already surpassing the threshold in the 1920s,
well before the so-called ‘great acceleration’27. Palaeolimnological
studies have shown eutrophication as early as the beginning of
the twentieth century across Europe28, during the Middle Ages in
the Arctic29 and even during the Roman Empire30. However, these
studies concluded that the phenomenon of enrichment was due to
increased point source nutrient inputs associated with population
growth at those sites. Our results suggest that human activities may
have overwhelmed the capacity of entire watersheds to cope with
excess P from both point and diffuse sources, even before modern
intensive agricultural practices.

Time lags in the P depletion phase

Almost all of our study watersheds that accumulated P during the
last century reached a peak in annual excess P around the 1980s,
after which declines in total inputs were observed (Supplementary
Fig. 2). Despite these reductions in inputs, none of our watersheds
have entered a depletion phase in which P stocks would be reduced
by outputs exceeding inputs. We thus decided to use an assumption of balanced anthropogenic inputs and outputs to estimate the
time needed to deplete the accumulated P pools over the century
back to the critical level of 2.1 t P km−2 via runoff only. We modelled
the P depletion times of each watershed as an exponential decay
process expressed by the equation P(t) =  P0e−pt, where P0 is the P
stock in 2011, p is the P runoff coefficient (constant over time) and
t is the number of years over which P is depleted. P runoff coefficients (p) were identified from the relationship between riverine TP
loads at the outlet and the P stock of that watershed for a given year
(Fig. 1). These coefficients are watershed-specific and vary among
years (Supplementary Table 2), probably as a function of changes
in precipitation patterns and/or land use that affect water runoff.
For each watershed we used the minimum, mean and maximum
value of p (Supplementary Table 2) to simulate watershed P depletion through riverine export under a range of realistic land-use and
precipitation scenarios that will affect runoff and associated P loss.
These modelling results showed that average decay curves varied across watersheds due to their specific p and P stock at time 0
(in 2011; Fig. 3a). In contrast to the short time needed for P stocks
to attain the critical threshold of 2.1 t P km−2, the time required
to return to this level is predicted to range from a few decades
in relatively pristine systems to several millennia in agricultural
ones (Fig. 3b). Even with similar annual precipitation patterns, P
depletion times for watersheds located on the more forested north
shore of the St Lawrence River23 ranged between ~100 and ~500
years, whereas those of the intensive agricultural watersheds of
the south shore were on the order of ~1,000–1,500 years. Under
extremely wet and dry conditions, most of the watersheds on the
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Fig. 2 | Time to cross the watershed P buffering capacity threshold. Year, using 1901 as the starting point, when P accumulation in specific watersheds
was found to exceed the P buffering capacity threshold of 2.1 t P km−2.
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Fig. 3 | Time required to return to baseline conditions. Projections of the time needed for riverine exports to deplete the anthropogenic P pools that
accumulated between 1901 and 2011. a, Decay curves using watershed-specific, mean P runoff coefficients (Supplementary Table 2). b, Depletion time
to reach the critical level of 2.1 t P km−2. Coloured circles show the depletion times estimated with mean P runoff coefficients, and bars show the potential
range under extreme climate scenarios. Colours are assigned based on the distribution of mean P depletion times across watersheds, using a blue-tored palette.

south shore required ~500 to ~2,000 years to deplete their P pools
back to the critical level, respectively (Fig. 3b). Exceptionally,
the watershed with the highest P store in 2011 (Yamaska), had a
depletion time estimate of ~2,000 years and a range from 1,000
to ~6,000 years under different climate scenarios (Fig. 3b and
Supplementary Table 2).

Rapid loss of P retention and slow recovery

This study provides the first conclusive evidence of a threshold in
P buffering capacity at the watershed scale. While the concept of P
buffering capacity implies the notion of a ‘safe operating space’ in
which human activity does not impinge on water quality, our study
Nature Geoscience | www.nature.com/naturegeoscience

suggests that at typical P surplus rates, this grace period is very short
(Figs. 1 and 2). Large P accumulations in relatively short time frames
have been observed for the Thames and Maumee rivers, with ~20
and 15 t P km−2 accumulated in 75 and 35 years, respectively, and
this build-up started well before large-scale industrial agriculture
in the region12. Current annual P surplus rates typically range from
700 to 1,200 kg P km−2 yr−1 across a variety of human impacted systems23,25,26,31. Using these rates, and assuming 5–10% export via runoff23,25,26, crossing our most probable threshold of 2.1 t P km−2 would
take between 2 and 4 years in a typical agricultural watershed, and
just 8 to 13 years to reach the upper limit of 8.7 t P km−2 of our estimated threshold (Fig. 1). The St Lawrence lowlands are dominated
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by gley soils, where clayey deposits that favour P retention are common32 (average clay content of ~25% across our region33). Given the
wide distribution of gleysol inclusions, hard pan or clay pan layers,
or red clay soils in many temperate agricultural regions around the
world24, the range in threshold results observed in this study is probably broadly representative. We suspect that variations in clay content34 as well as the geomorphometric shape of basins (those with
steeper slopes may deliver more P on average7) will influence the
value of the threshold. Nevertheless, the range of ‘time to threshold’
we report here is strikingly low, suggesting that most intensive agricultural systems around the world have most likely already tipped in
terms of accelerated P export to surface waters.
We also found that the P that accumulated in our study watersheds in just a few decades could take centuries to millennia to
return to below threshold conditions. Although surprisingly long,
this time frame is in accordance with P residence times estimated
for riparian zones35 and also supports the projected time period
legacy P could continue to maintain the eutrophic state of Lake
Mendota17. The estimated time to return to a level of low risk for P
transfers to surface waters may be overestimated by these depletion
curves because the model does not account for the more permanent
storage of P that is strongly occluded by soil particles36. However,
unless the entire legacy P pool in watersheds is reduced, downstream transport of occluded P is predicted to increase with climate
change due to more frequent and intense precipitation extremes
that promote particulate P delivery10,37. Regardless of the potential
caveats in our estimates, the relatively short timescales to attain a
threshold that increases P delivery risk to surface waters, compared
to the long timescales required to deplete it, suggests that we must
look at alternative ways to manage P at the food–water nexus.
Efforts toward reducing P loads in sewage effluents, balancing
fertilizer application with crop requirements38, and developing new
ways to exploit existing soil (and sediment) stocks39, will be essential components for better P management plans40. A decrease in
large legacy P stores, such as those observed in the most enriched
watershed of this study (~100 t km-2 in Yamaska), will have to be
achieved mainly through reductions in P input sources while
maintaining crop yields. Fortunately, dramatic reductions in P fertilizer application were shown to have no negative effects on crop
productivity in European41 and Canadian42 agricultural systems,
allowing legacy P recovery by plant uptake. These approaches
may be inevitable in the face of increasing population growth and
imminent shortages of P mineable deposits43. Although there are
multiple approaches to reduce the amount of P that enters aquatic
systems, which should be promoted, the over enrichment of watersheds with P will make reduction of runoff or downstream flux
ever more difficult if we do not consider reductions at the source
our first line of defence3,18,44. Transport control measures can only
reduce transfers in the short term, as they become watershed legacy P stores over the long term. Feeding an ever-growing human
population while protecting water quality is an immense challenge
that requires solutions. Our study clearly demonstrates how rapidly diffuse and point source P pollution becomes and remains an
issue in terms of watershed accumulation and release. Nutrient
management strategies developed using novel creative approaches
at multiple scales are urgently required for the long-term sustainability of water resources.
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Methods

Phosphorus accumulation for over 110 years (1901 to 2011) of land-use history
was calculated for 23 watersheds of the St Lawrence Basin (Supplementary
Fig. 1) by accounting for all anthropogenic P fluxes over time. We compared P
accumulation with riverine export from 1985 to 2011 (available data) to identify
(1) a watershed P buffering capacity threshold during the accumulation phase
and (2) P depletion times in exponential decay models that consider P runoff
coefficients for individual watersheds. The 23 watersheds of this study had
different P accumulation trajectories as a function of their land-use change over
the 1901–2011 period, as well as other biophysical features that influence water
runoff (Supplementary Table 1).
Annual P budget and P accumulation reconstructions. We calculated annual
P budgets for each of the 23 watersheds in our study area using ten-year time
steps from 1901 to 1981 and five-year time steps from 1986 to 2011. These
budgets were linearly interpolated to estimate annual P surpluses throughout the
century (1901–2011), following ref. 23. Briefly, annual P surpluses were calculated
using the Net Anthropogenic P Inputs approach (NAPI)45 which quantifies all
known anthropogenic P inputs (mined P fertilizers, P in detergents and imports
of P in food and feed) and outputs (exports of P in food and feed). The NAPI
methodology accounts for ‘new’ P input into a watershed and mainly uses
agricultural censuses as a source of data. Other governmental historical data
were used for the reconstruction of inputs through detergents or human food
consumption. All details on methodologies and data sources used to calculate
NAPI are presented in ref. 23.
While NAPI values represent annual P surpluses due to human activity, they
do not account for P outputs through riverine exports at the watershed outlet
and so cannot be used directly as an estimate of annual P accumulation in the
watershed. Annual riverine TP loads (described in the next section) were thus
subtracted from surpluses on the landscape (NAPI) to obtain estimates of annual
P accumulation in watersheds. Water quality data used to estimate riverine
loads were only available for 1985–2011. For years prior to the availability of
water quality data (1901–1984), riverine loads were estimated based on NAPI
reconstructions and the relationship between riverine TP loads and NAPI in years
1985–2011 (R2 =  0.90, P < 0.001; Supplementary Fig. 3). However, that relationship
was not linear, as we identified a breakpoint at the NAPI value of 42 kg P km−2 yr−1
(P < 0.001; see description in section ‘Statistical analyses’). Both segments of the
relationship (left and right of the inflection point) were tested as simple linear
regressions to assess the statistical significance of their slope coefficients. The slope
of the first segment was not significant at α = 0.05, suggesting no impact of annual
NAPI on riverine TP exports below NAPI values of 42 kg P km−2 yr−1. However,
the slope of the second segment was positive (P < 0.001), indicating increased
riverine TP exports with increased values of NAPI. To estimate riverine loads
in years 1901–1984, we used the regression model of the second segment along
with NAPI reconstructions in those years. When the NAPI value was lower than
42 kg P km−2 yr−1, we kept riverine loads constant at the intercept value of the first
segment (13 kg P km−2 yr−1; Supplementary Fig. 3). Annual P accumulation was
then estimated in years 1901–1984 by subtracting these modelled riverine TP loads
from NAPI values in those years. P accumulations throughout the century were
then estimated for each watershed by summing their annual P accumulation since
1901. Because riverine TP load estimates were used to calculate P accumulation,
we tested for the possibility of introducing a circularity effect that would have
artificially inflated the statistical strength of the threshold relationship46 in Fig. 1.
Two different approaches were used to test for this possibility, and we found no
significant influence of this effect on the reported relationship (see Supplementary
Information, Supplementary Table 3 and Supplementary Fig. 4, for details).
Riverine TP loads. Annual riverine TP loads at 23 watershed outlets
were calculated for the 26 years between 1985 and 2011 from monthly TP
concentrations47 and daily discharge values48 using LOADEST49. LOADEST is a
modelling approach that allows for flow-weighted interpolations of the discrete
concentration measurements, thus reducing bias by accounting for exceptionally
high or low daily discharge events. From nine potential models tested, the best
model was selected based on the corrected Akaike criterion (AICc). For each
river and each focal year, models were calibrated over 5 years (that is, from
1994 to 1998 for the focal year 1996) before being used in combination with
daily discharge to predict annual loads, leading to nearly 600 calibrated models
(26 years and 23 watersheds). LOADEST model evaluation metrics are summarized
in the Supplementary Information (Supplementary Table 4 and Supplementary
Fig. 5). Overall, the low root- mean-squared error (RMSE) and Nash–Sutcliffe
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indices of ~0.6 suggest that our models were successful at predicting riverine TP
loads (Supplementary Table 4). Furthermore, the load bias percentage among years
and on all watersheds indicated that our models tended to underestimate loads
by only ~5% on average (Supplementary Table 4). The LOADEST procedure was
conducted in R50 with the package loadflex51. Discharge gauging stations were
not necessarily located where water chemistry was monitored. In such cases,
discharge at the monitoring site was estimated by multiplying the specific discharge
(in m3 km−2) at the gauging station by the drainage area (km2) at the monitoring
site. Specific riverine loads (kg P km−2 yr−1) were calculated by dividing annual
loads by the drained area.
Statistical analyses. To estimate the threshold in buffering capacity, the
relationship between riverine TP loads and accumulated P since 1901 (Fig. 1)
was fitted with a split line model using the Segmented package in R50,52, where
the inflection point represents the threshold (2.1 t P km−2). This relationship was
generated using a space for time substitution, where the difference in accumulation
across different watersheds acted as the accumulation over time. Ideally, we would
have looked for this inflection point within individual watersheds, but this level
of historical information was not available. Furthermore, given that during the
accumulation phase the main driver of riverine TP load is anthropogenic P input
to the watershed23,25, the relationship in Fig. 1 is highly relevant despite some of the
potential variability of relative transfers to surface waters across watersheds and
years due to land use, geomorphology or climate. However, some of this variability
is taken into account through the confidence interval of the threshold.
Data were log-transformed to meet the statistical prerequisites of linear
regressions. Because some watersheds did not accumulate P but rather mobilized
P throughout the century (Fig. 1), resulting in negative values of P accumulation
(net cumulative P export from the watershed), we conducted a translation on the
‘accumulation’ variable to obtain only positive values prior to log transformation.
The minimum value of P accumulation (−945 kg P km−2) was added to all values
(all years and watersheds). However, all values of P accumulation (x axis of Fig. 1)
were corrected for that translation and appropriately reported (subtracting
945 kg P km−2 from the results of the analysis). Regressions were performed on
per-watershed mean values of NAPI, riverine TP loads and accumulated P to avoid
pseudo-replication. As stated in the previous section, once an inflection point was
detected, both segments of the relationship (left and right of the inflection point)
were tested as simple linear regressions to assess the statistical significance of their
slope coefficients.
Code availability. The code used to generate the results can be accessed at
https://figshare.com/s/402fb0f04ac83d1da9ce.

Data availability

The data that support the findings of this study are available at https://figshare.
com/s/a4ddad1b180a6a1e40cf.
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