[bookmark: _Hlk128516250][bookmark: _GoBack]Why does the relationship between benthic primary production and lake morphometry vary regionally?

D Seekell1,*, BB Cael2

1. Stockholm, Sweden
2. National Oceanography Centre, Southampton, United Kingdom
*    Corresponding author, email: david.seekell@gmail.com

Research Article in press at Aquatic Sciences


Abstract
Benthic primary production varies among lakes from 1 to 2,000+ mg C m-2 d-1, in part due to variations in basin shape. First principles predict an inverse correlation between benthic primary production and mean to maximum depth ratio, an index of basin shape, but reports of positive correlations suggest that current understanding is incorrect or incomplete. We develop a hypsometric (area-depth) model for littoral area that accounts for habitat disruption due to ice scouring at the lake margin. When this disruption is incorporated, the direction of the relationship between benthic primary production and depth ratio depends on water clarity – regions with clear lakes should have positive correlations whereas regions with less water clarity should have inverse correlations. Empirical analysis of benthic primary production measurements from four eco-regions characterized by different levels of water clarity supports this prediction. Collectively, our analyses demonstrate how first principles can be used to explain heterogenous patterns of benthic primary production at broad-geographic scales.
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Introduction
Benthic primary production varies among lakes from 1 to 2,000+ mg C m-2 d-1 (Seekell et al. 2015; McCormick et al. 2021; Puts et al. 2022a). This variation primarily reflects the variations in light availability caused by patterns of lake morphometry and light attenuation (Vadeboncoeur et al. 2008; Seekell et al. 2015a; Puts et al. 2022a; Cael and Seekell 2023). In general, deeper lakes are less productive than shallower lakes (Vadeboncoeur et al. 2008; Ask et al. 2009a; Puts et al. 2022a). Lakes with low light penetration are less productive than lakes with high light penetration (Vadeboncoeur et al. 2008; Ask et al. 2009a; Puts et al. 2022a). Basin shape also contributes to variations in benthic primary production (Vadeboncoeur et al. 2008; Klaus et al. 2022). First principles predict that convex basins have larger littoral zones than concave basins, and therefore should be more productive (Carpenter 1983; Vadeboncoeur et al. 2008; Seekell et al. 2021). The mean to maximum depth ratio is a widely used index of basin shape that varies between 0 and 1, with lower values describing more convex basins and higher values describing concave basins (Carpenter 1983; Seekell et al. 2021). Based on first principles, benthic primary production and depth ratio should be inversely correlated because concave basins have less shallow littoral habitat than convex basins (Carpenter 1983; Seekell et al. 2021; Klaus et al. 2022). However, a recent study of clear-water Arctic and alpine lakes reported the opposite pattern (Klaus et al. 2022). This observation suggests that current understanding of the relationship between basin shape and benthic primary production is either incorrect or incomplete.
Many Arctic and alpine lakes have rocky margins that are inhospitable to benthic algal communities (Figure 1; Öjebrandt 2021). In particular, the margins are subject to disturbance from ice scouring, which is a major constraint on algal establishment (Quesada et al. 2008; Ask et al. 2009b; Bégin et al. 2020). However, the first principles used to predict the relationship between benthic production and lake morphometry do not reflect that the lake margins may be unproductive (e.g., Carpenter 1983; Vadeboncoeur et al. 2008; Seekell et al. 2021). Lakes with low depth ratios have a disproportionately large amount of habitat disrupted compared to those with high depth ratios, and Klaus et al. (2022) hypothesized this as the reason why they observed a positive correlation between depth ratio and benthic primary production. However, this explanation is incomplete because lakes outside their study region (e.g., north temperate, boreal) are also seasonally ice covered, but do not exhibit the positive correlation (Carpenter 1983).
In this study, we present a hypsometric (area-depth) model of lake morphometry for predicting the size of littoral habitats. The novel feature of our hypsometric model is the inclusion of terms that account for habitat disruption at the lake margin due to ice scouring, which reduces the effective size of the littoral zone. With habitat disruption, the direction of the relationship between basin shape (depth ratio) and productive area depends on light penetration - there is a positive correlation for clear water lakes and a negative correlation for darker waters. We test this prediction using a benthic primary production model formulated based on first principles, and previously published benthic primary production measurements from four eco-regions. Our analyses support the hypothesis that the relationship between benthic primary production and basin shape depends on light penetration for seasonally ice-covered lakes. Light penetration varies primarily at the between-region scale; hence our analysis explains why the relationship between basin shape and benthic primary production varies between regions.

Theory
The littoral zone is the area between the shoreline and the compensation depth—the maximum depth of significant photosynthesis by rooted vascular plants and epilithic algae—which is generally operationalized as the depth where photosynthetically active radiation (400–700 nm) is 1% of surface irradiance (taxa-specific compensation depths vary around the 1% benchmark) (Seekell et al. 2021). Based on this definition, relative size of the littoral zone can be calculated from measurements of compensation depth, mean depth, and maximum depth, using hypsometric analysis. Specifically,



where, AP is the littoral area (m2), AT is the surface area of the lake (m2), zc is the compensation depth (m), zmax is the maximum depth (m), and ζ is a dimensionless parameter that describes the relationship between relative depth and relative area for a vertical cross section through the center of the lake (Seekell et al. 2021).
Assuming that the basin is a quadric surface, the shape is convex when ζ < 1, which describes basins with large littoral zones and relatively small deep euphotic zones, whereas the basin is concave when ζ > 1, which describes basins with steeper nearshore areas and relatively small littoral zones (Figure 2A). The parameter ζ is calculated:



where zmean is the mean depth (m) (Seekell et al. 2021). Empirical deviations from the quadric assumption are typically minor and more complex models of basin morphometry are not necessary for most lakes (Carpenter 1983; Devlin et al. 2016).
To account for lake margins disrupted by ice or other factors, the size of the margin is subtracted from the size of the littoral zone, as indicated by the following hypsometric equation:



where zice is the depth (m) of the disturbed zone that falls in the interval . 
We evaluated patterns of littoral area using our proposed hypsometric model and typical values for the parameters reported in the literature (Table 1) to generate hypotheses about the relationship between benthic primary production and lake morphometry. When there is no unproductive margin, the lakes are characterized by two boundary conditions: 1) when there is no light penetration (zc : zmax = 0) there is no productive benthic habitat regardless of basin shape, 2) when light penetration meets or exceeds maximum depth (zc : zmax ≥ 1) the entire lake area is productive benthic habitat regardless of basin shape. Within these bounds, lakes with convex shapes (ζ < 1) always have more productive benthic habitat than concave basins (ζ > 1) of the same depth and light penetration (Figure 2A).
The hypsometric model with unproductive margin (zice:zmax = 0.1) (Figure 2B) is characterized by very different patterns than the model without disruption (zice:zmax = 0). Regardless of lake shape, there is no productive littoral zone if the depth of light penetration is less than or equal to the relative depth of ice. There are three different regimes when light penetration exceeds the depth of the margin: 

1) For lakes with low light penetration, convex basins (ζ < 1) have the most (by area) productive benthic habitat and concave basins have the least – the same qualitative pattern as without ice disruption. In the context of mean to maximum depth ratios, this corresponds to an inverse correlation with productive area.

2) For lakes with moderate light penetration, paraboloid basins (ζ= 1) have the most productive benthic habitat. In the context of mean to maximum depth ratios, this corresponds to a unimodal relationship with productive area.

3) For lakes with high light penetration, concave basins (ζ > 1) have the most productive habitat and convex basins (ζ < 1) have the least. In the context of mean to maximum depth ratios, this corresponds to a positive correlation with productive area.

Methods
We evaluated the patterns predicted by the hypsometric model using two approaches that integrate different advantages and limitations. First, we incorporated the unproductive margin into a model benthic primary production to evaluate how patterns of littoral area translate to productivity. In addition to the size of the littoral zone, benthic primary production reflects the non-linear relationships between photosynthesis, irradiance, and depth, and the model allows us to evaluate the net effect of these interactions. Second, we conducted an empirical analysis based on previously reported benthic primary production rates. Specifically, we tested the correlation between benthic primary production and depth ratio for four regions characterized by different water clarities and expected to have contrasting patterns based on our analysis of the hypsometric model. 

Model Analysis
We modeled benthic primary production (P, mg C m-2 h-1) based a photosynthesis-irradiance curve without photoinhibition – photoinhibition is rarely observed in benthic algae in lakes – and the standard hypsometric model (Jassby and Plat 1976; Dodds et al. 1999; Vadeboncoeur et al. 2003; Godwin et al. 2014; Devlin et al. 2015):



where Pmax is the maximum rate of benthic primary production (mg C m-2 h-1) and Ik is the light intensity at the onset of saturation (μmol m-2 s-1). In this implementation, the lake margin is incorporated by adjusting the limits of integration, which gives the same effect as our proposed hypsometric model. Additionally, the integrand is multiplied by the proportion of surface area covering productive benthic habitat to recast the rate in terms of total surface area (e.g., Puts et al. 2022a). The light intensity at depth z is (Iz, μmol m-2 s-1) is calculated based on the Beer-Lambert Law



where I0 is insolation of photosynthetically active radiation (μmol m-2 s-1) at the lake surface. The area at depth z (Az) is:



We evaluated the model with (zice = 1 m) and without (zice = 0 m) ice-scouring to understand patterns that emerge when accounting for shoreline disruption. The ice scouring depth zice = 1 m is typical of the rocky margins of lakes in alpine and Arctic Sweden, as well as for the depth of ice pack for northern lakes more generally (Table 1). Additionally, field measurements confirm that there is little to no benthic primary production within the first meter (Ask et al. 2009b). We assume I0 = 230 μmol m-2 s-1 and Pmax = 46 mg C m-2 h-1, based on field measurements from northern Sweden where most of the data for our empirical analysis (below) were collected (Klaus et al. 2022; Norman et al. 2022). We assumed the light intensity at the onset of saturation is 300 μmol m-2 s-1 based on previous analyses in the region (e.g., Norman et al. 2022; Puts et al. 2022a).

Empirical Analysis
We analyzed patterns of benthic primary production previously reported from 27 lakes, equally distributed between Sweden’s boreal, alpine, and Arctic landscapes (Puts et al. 2022a, 2022b). Additionally, we analyzed patterns of benthic primary production previously reported for 11 temperate lakes in the forests of northern Wisconsin and the Upper Peninsula of Michigan in the United States (Godwin et al. 2014). For each region, we tested the partial correlation between the benthic primary production (loge-transformed) and depth ratio, controlling for the ratio of compensation to maximum depth. For the Arctic, the partial correlation was calculated based a quadratic relationship between depth ratio and compensation to maximum depth, because a non-linear pattern was evident in the data. We visualize the relationships using partial plots (Velleman and Welsch 1981).
The boreal and temperate lakes generally have high rates of light attenuation due to high concentrations of colored dissolved organic matter (boreal lakes and some temperate lakes) or high phytoplankton biomass (temperate lakes) (Godwin et al. 2014; Seekell et al. 2015b; Seekell et al. 2018b). We expect inverse correlations between benthic primary production and depth ratio in these regions. The Arctic and alpine lakes are characterized by very clear waters due to lack of human impact and little catchment vegetation development (Seekell et al. 2018a; Riley and Seekell 2021; Klaus et al. 2021). These lakes are notable for their low depth ratios, typical of lakes formed by glacial scour, and large littoral zones (Seekell et al. 2021). 
Two different methods were used to measure benthic primary production. Rates in the temperate and alpine regions were measured based on changes in dissolved oxygen recorded by high frequency sensors within a clear plastic measurement dome placed on the lake bottom (Godwin et al. 2014; Puts et al. 2022a). Rates in the boreal and Arctic regions were measured based on changes in dissolved inorganic carbon during in situ sediment core incubations (Puts et al. 2022a). Hence one clear-water and one dark-water region were measured with each technique, and consistent results should indicate that the overall patterns are robust to methodological uncertainties.

Data availability
The data used in this study are previously published and are available from the original sources: Godwin et al. (2014) and Puts et al. (2022a). Benthic primary production rates for temperate lakes were extracted from figures in Godwin et al. (2014) using WebPlotDigitizer (Drevon et al. 2017).

Results
Model Analysis
	Patterns of benthic primary production without ice (zice = 0) are qualitatively similar to patterns of littoral area (Figure 3). Specifically, convex basins have the highest rates of benthic primary production across the full range of light penetration, and concave basins have the lowest rates.
	Like patterns of littoral area, patterns of benthic primary production are dramatically different with shoreline disruption than without (Figure 4). For relatively shallow lakes (zmax = 5m), there is an inverse correlation when the compensation depth exceeds maximum depth (Figure 4A). A unimodal pattern is predicted for shallow but less clear lakes (Figure 4A). For moderately deep lakes (zmax = 10 m), there is a negative relationship between depth ratio and GPP for lakes with low light penetration, a unimodal relationship for lakes with moderate light penetration, and a positive relationship for lakes with deep light penetration (Figure 4B). For deeper lakes (zmax = 15 m), there is an inverse correlation between depth ratio and primary production for all but the clearest lakes, for which there is a unimodal relationship (Figure 4C).

Empirical Analysis
The partial correlation between benthic primary production and depth ratio is negative for the temperate (r = -0.56) and boreal (r = -0.67) regions (Figure 5). This is consistent with our expectations for seasonally ice-covered lakes with relatively low light penetration. The partial correlation was positive for the alpine (r = 0.38) and Arctic (r = 0.37), consistent with our expectations for relatively clear lakes with seasonal ice-cover (Figure 6).

Discussion
The direction of the relationship between benthic primary production and basin shape varies regionally. Our observation is part of a growing body of evidence of regional heterogeneity of lake patterns and processes relates to regional vegetation patterns and the supply of organic matter (e.g., Seekell et al. 2014; Seekell et al. 2015a; Seekell et al. 2015b; Lapierre et al. 2015; Lapierre et al. 2017; Seekell et al. 2018a). The major contribution of our study is explaining this heterogeneity within the context of existing first principles.
At the global scale, total lake primary productivity is controlled by surface area and insolation (Cael and Seekell 2023). When rates are normalized by lake area, basin shape and depth become explanatory factors. For example, Klaus et al. (2022) reports that variation in mean depth between 0.5m and 10.9 m explains an 8-fold variation in volumetric primary production rates, whereas variations in depth ratio between 0.2 and 0.5 create 2-fold variation in primary production. For our study, the ratio of compensation to maximum depth has a larger effect size than depth ratio for boreal and temperate lakes. We observed the opposite pattern for the relatively clear Arctic and alpine lakes where basin shape is dominant. However, the limited range of variation for drainage ratios within regions limits that absolute variation that can be attributed to this factor.
We did not evaluate the statistical significance of our correlation analysis because of the small sample size in each region. Other approaches to evaluating correlations, for example by calculating Bayes factors, are also of limited use for these sample sizes. Despite this, our results are strong because they are consistent with predictions from first principles, as well as the results from the larger sample analyzed by Klaus et al. (2022). Additionally, even if the positive correlations from the Arctic and alpine regions are not significantly positive, they are also not negative, which is the typical assumption and the pattern seen for boreal and temperate lakes in our study.
The hypsometric and primary production models suggest that unimodal patterns are possible in some regions. For example, the alpine region in our empirical analysis has morphometric characteristics and light penetration that would predict a unimodal pattern. We did not observe this, rather we observed a positive monotonic pattern. This is because the typical lake in this region has a low depth ratio, and the overall range of depth ratios isn’t sufficient for the unimodal pattern to emerge (Table 2). Depth ratio is related to formation process, and because lakes in the same region typically share similar formation processes, depth ratios can have limited range (Seekell et al. 2021). Because of this, it is possible that the unimodal pattern is not observed in practice unless data are aggregated from different regions (e.g., an analysis that aggregates glacial scour lakes with low depth ratios and doline lakes with high depth ratios).
Our model assumes that light availability is the primary factor limiting benthic primary production. Our results might not generalize to lakes where other factors, such as nutrient availability or herbivory are the primary regulators of production. It is difficult to assess the proportion of lakes where the light limitation assumption does not hold, in part because light, grazing, and nutrients are rarely measured together when testing limiting factors of periphyton growth (e.g., Darcy-Hall 2006; Danger et al. 2008). Light limitation has substantial support as a primary limiting factor from comparative, experimental, and theoretical studies in temperate, boreal, alpine, and Arctic regions (e.g., Ask et al. 2009a; Vadeboncoeur et al. 2001; Vadeboncoeur et al. 2008; Daniels et al. 2015; Norman et al. 2022). The extent to which nutrients limit benthic algal growth is less clear, with some experiments finding that nutrient additions stimulate benthic algal growth while others not (e.g. Daniels et al. 2015; Fork et al. 2020; Puts et al. 2023). Based on the balance of evidence, it is reasonable to assume that the results are applicable to most lakes and northern regions.
Benthic primary production is rarely measured compared to phytoplankton production, probably because benthic production measurements are logistically challenging. Benthic primary production estimates incorporate measurement errors related to 1) the extent to which measurements represent gross versus net primary production, and 2) the upscaling of measurements from the sensor/chamber to ecosystem scale (Puts et al. 2022a). A merit of our empirical analysis is that it included two measurements based on two different methods. The consistency of patterns among mechanisms suggests that the results are robust and strengthens previous results that used singles methods (e.g., Klaus et al. 2022).
Even though half of Earth’s lakes are seasonally ice-covered, limnologists have historically focused on patterns and processes during the summer open-water season (Block et al. 2018). Only in the last few years has there been an increasing focus on winter limnology and connections across seasons (e.g., Salonen et al. 2009; Powers and Hampton 2016; Block et al. 2018). Our study is an example of a winter processes (ice) impacting summer-time patterns and processes (benthic primary production). A particular merit of our study is that we incorporate the winter process into existing first principles, which has benefits for the generality of the result and provides a basis developing testable hypotheses. For example, our results predict that long-term declines in ice thickness (e.g., Stefanidis et al. 2022), will cause the positive correlation between benthic primary production and depth ratio in clear-water regions to transition to an inverse correlation in the future. This prediction can be tested in the future though long-term monitoring, or by comparing patterns of benthic primary production in clear-water regions with and without seasonal ice-cover.
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Figure 1. A typical lake in Arctic/alpine Sweden where positive correlations between primary production and depth ratio were reported by Klaus et al. (2022). The lakes are characterized by a large littoral zone (low depth ratio and clear water) with rocky margin.
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Figure 2. A) The hypsometric without shoreline habitat disruption is characterized by convex basins having more productive benthic habitat than concave basins. B) The hypsometric model with shoreline habitat disruption is characterized by three different regimes depending on the depth of light penetration. These correspond to positive, negative, and unimodal relationships between productive habitat area and mean to maximum depth ratio.
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Figure 3. Primary production (relative to Pmax) for 10 m deep lakes with different basin shapes and compensation depths. Convex shaped basins have higher rates of primary production than concave shaped lakes across the full range of compensation depths.
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Figure 4. Patterns of benthic primary production for convex, paraboloid, and concave shaped lakes with no production at the lake margin due to ice scour.
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Figure 5. Partial correlation plots for the logarithm of benthic primary production and depth ratio, controlling for the ratio of compensation to maximum depth. A) Temperate Lakes, B) Boreal lakes.
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Figure 6. Partial correlation plots for the logarithm of benthic primary production and depth ratio, controlling for the ratio of compensation to maximum depth. A) Alpine lakes, B) Arctic lakes.


















Table 1. Typical values for parameters in the hypsometric model
	Parameter
	Typical Values
	References

	Maximum depth (zmax)
	< 20 m
	Seekell et al. (2021); 
Cael and Seekell (2022)


	Compensation depth (zc)
	1.5 – 15 m
	Seekell et al. (2015b); 
Seekell et al. (2018b); 
Seekell et al. (2021)


	Ice thickness (zice)
	0.5 – 1.5 m
	Arp et al. (2015);
Ariano and Brown (2019);
Öjebrandt 2021;
Klaus et al. (2022)


	Basin morphometry (ζ)
	0.5 – 2 (dimensionless)
	Vadeboncoeur et al. (2008);
Seekell et al. (2021)




Table 2. The characteristics of lakes used in the empirical analysis. The values are means with ranges in parentheses.
	Characteristic
	Temperate (n=11)
	Boreal (n=9)
	Alpine (n=9)
	Arctic (n=9)

	zc:zmax (dimensionless)
	0.32 (0.06-0.74)
	0.42 (0.14-0.96)
	0.52 (0.29-0.96)
	1.30 (0.71-2.74)

	zmean:zmax (dimensionless)
	0.37 (0.16-0.56)
	0.49 (0.24-0.62)
	0.32 (0.27-0.37)
	0.38 (0.3 – 0.53)

	AP:AT (dimensionless)
	0.53 (0.17-0.68)
	0.45 (0.04-0.95)
	0.73 (0.52-0.98)
	0.97 (0.83-1)

	zc (m)
	2.8 (0.8-5.1)
	4 (1.1-11.5)
	5.3 (3.3-11.5)
	10.2 (3.1-15.4)

	zmean (m)
	3.4 (2.4-5)
	4.5 (2.0-7.5)
	3.8 (1.3-10.5)
	3.1 (1.5-4.7)

	zmax (m)
	10.7 (4.9-18.5)
	9.1 (5.3-13.0)
	12.4 (3.7-35.9)
	8.7 (4.3-15.8)

	GPP (mg C m-2 d-1)
	119 (10-294)
	63.8 (0.6-183.1)
	123.6 (8.5-396.0)
	121 (75-253)
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